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yecaicaeM'bie  KOAJiezu,  Dear  colleagues , 

yuacrnuuKU  3-zo  CubupcKozo  participants  of  the  3rd 

noJisipu3ai4UOHHOzo  ceMunapa  Siberian  Polarization 

Cu6IIoa  2004 !  Workshop  SibPol  2004! 

H  pa#  npMBexcTBOBaTb  ctojib  inupoKo  Its  my  pleasure  to  welcome  the 
npe#CTaBJieHHyio  HayHHyio  o6i#ecTBeHHocTb  members  of  the  scientific  society 
3#ecb,  b  cTeHax  CypryTCKoro  rocy#apcTBeH-  here,  in  the  Surgut  State  University. 
Horo  yHMBepcnTeTa.  KaK  peKTopy  ymiBepcH-  Being  the  Rector  of  the  University 
TeTa  MHe  npnHTHO  oco3HaBaTb,  hto  opraHH-  I  am  an<^  proud,  that  organiza- 
3au,na  Tanoro  npe#CTaBMTejibHoro  nayHHoro  ti°n  °f  such  a  representative  scien- 
cjDopyMa  Ha  6a3e  Hamero  ymraepcnTeTa  hb-  tific:  forum  on  the  basis  of  our  young 
jiaeTCH  ripn3HaHMeM  #ocTJOKeHnw  Hamero  University  is  the  recognition  of  our 
MOjio#oro  yHMBepcwTeTa  b  nayaHon  oSjiacTM.  achievements  in  research. 

CypryTCKOMy  yHMBepcnreTy  Bcero  1 1  JieT.  The  Surgut  University  is  only  1 1 
3a  3tot  KopoTKHn  npoMe^cyTOK  BpeMeHM,  a  years  old.  During  such  a  short  period 
#yMaio,  hto  HaM  y#ajiocb  co3#aTb  b  yroiBep-  we  managed  to  build  up  the  creative 
CHTeTe  TBopnecKyio  aTMocc^epy,  HeoT'beM-  climate,  compulsory  part  of  which  is 
jieMbEM  KOMnoHeHTOM  KOTopoM  hbjihiotch  Ha-  the  scientific  research. 
yHHbie  MCCJie#OBaHMH. 

TeMaTMKa  ceMMHapa  MHe,  c|DM3HKy-Teope-  I  myself  study  theoretical  physics 
TnKy,  6jiM3Ka  m  noHHTHa.  Mccjie#oBaHne  BeK-  and  the  subject  of  the  workshop  is 
TopHow  npwpo#bi  3JieKTpoMarHHTHoro  nojia  understandable  and  dear  to  me. 
$i  B03M02KH0CTM  ncnojib30BaHMH  pa3jinHHbix  Investigation  of  the  electromagnetic 
npoHBJieHHM  BeKTopHbix  cbomctb  nojiH  #jih  field  vector  nature  and  possibility 
pemeHMH  npMKJia#Hbix  3a#an  ~  HecoMHeHHO  to  utilize  these  vector  properties  while 
aKTyajrbHoe  HayHHoe  HanpaBjieroie.  Co3#aBa-  solving  some  applied  problems  is  the 
eMbie  Ha  6a3e  otmx  Mccjie#oBa mm  npn6opbi  issue  of  the  day.  Devices  and  systems 
u  cncTeMbi  #MCTaHiinoHHoro  30H#npoBaHHH  ok-  built  using  the  results  of  this  inves- 
py>Kaiom;eH  cpe#bi  ocoCeHHO  Heo6xo#MMbi  npn  tigations  and  used  to  sound  the 
ocBoeHMH  n  ycTpoiiCTBe  KOM^opTHbix  ycjio-  environment  are  especially  needed 
bum  2KM3HW  b  TaKMX  paitoHax,  KaK  Hama  to  make  life  comfortable  in  such  vast 
HeofrbHTHaH  CwGwpb.  areas  as  Siberia. 


MHe  OCo6eHHO  IIpHHTHO  IIpHBeTCTBO- 
BaTb  Harnnx  floporux  rocTeii,  He  noMcaJieB- 
HiHX  ycwJiMH  w  cpeflCTB  Ha  npeofloJieHwe 
Sojibumx  paccTOHHue  m  rpaHMi^,  .zjjih  Toro 
hto6m  noceTHTb  Haiim  cypoBbie,  ho  oneHb 
rocTenpHMMHbie  MecTa.  Ha^eiocb,  b  Barneii 
naMHTM  ocTaHyTCH  He3a6biBaeMbie  BnenaT- 
jieHHH  o  BCTpenax  m  njioflOTBOpHow  pa6o- 
Te  b  ropo,n;e  CypryTe  Ha  TpeTbeM  cw6Mp- 
ckom  nojiflpH3aijMOHHOM  ceMHHape. 

YcnexoB  BaM  m  TBopnecKHX  y^an! 


It  is  my  special  pleasure  to 
welcome  our  dear  gusts,  who  spent 
a  lot  of  efforts  and  means  to  over¬ 
came  all  difficulties  and  long  distan¬ 
ces  to  see  our  severe,  but  hospitable 
locality.  I  hope  your  memory  would 
keep  unforgettable  impressions  of 
meetings  and  productive  activity  in 
Surgut  at  the  3rd  Siberian  Polarization 
Workshop. 

I  wish  you  all  the  success  and 
creative  luck! 


PeKmop  Cypry, 
npotfjeccop, 
aicadeMUK  MAM  u  TIAHM 
r.M .  Ha3un 


Rector  SurSU, 
Professor, 
Academician  of  IIA  and  PAS  A 
G.L  Nazin 
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yeaotcaeMbie  nojutezu! 


Dear  colleagues! 


BnepBbie  CnGupcKMM  nojiHpn3ai^MOHHbiM 
ceMMHap  6tui  npoBe^eH  b  Tomckom  rocy^ap- 
CTBeHHOM  yHMBepcMTeTe  cwcTeM  yripaBJieHMH 
m  pa^noajieKTpoHMKM  b  2000  ro^y.  Ha  ceMn- 
Hape  6buiH  npeflCTaBJieiibi  7  AOKJiaAOB  co- 
TpyflHMKOB  TYCYP,  nOCBHIHeHHbie  B03MOJK- 
hocthm  Mcnojib30BaHMH  Haynnoro  noTeHu^iajia 
yHMBepcMTeTa  fljin  pemeHMH  aKTyajibHbix 
3a^an  nojiHpH3au;noHHOH  paAMOjioKaijMn. 

3to  He6ojibiuoe  Haynnoe  MeponpHHTne, 
b  KOTopoM  npHHHJi  ynacTMe  flwpeKTop  Me>K- 
AyHapoflHoro  MccjieAOBaTejibCKoro  ueHTpa 
TeJieKOMMyHMKai^MM  M  pa^MCXTIOKaUMM  (IRCTR) 
flejibcjncKoro  yHHBepcwTeTa  TexHOJiorHM  npo- 
c£>eccop  Jill.  JInTxapT,  noonyjKMJio  tojihkom 
AJiH  opraHM3ai^MM  AOJiroBpeMeHHoro  coTpyA- 

HMHecTBa  poccMMCKMX  n  rojmaHACKMX  yqeHbix. 
B  KOpOTKMM  CpOK  6bUIO  3aKJHOHeHO  HeCKOJIbKO 
MejKAyHapOAHbIX  KOHTpaKTOB,  0praHM30BaH 
BM3MT  b  HuAepJiaHAbi  peicropa  TYCYP  ripo- 
4>eceopa  AH.  Ko63eBa,  noAnwcano  corjiaineHne 
o  co3AaHMM  b  cocTaBe  TYCYP  Cn6npcKoro 
cJjHJiwajia  IRCTR. 

BTOpow  CmSmpckmm  nojiHpM3aAMOHHbiM  ce¬ 
MMHap  6bui  npoBeAeH  b  ToMCKe  b  2002  r.  Ha 
HeM  o6cy>KAajiMCb  pe3yjibTaTbi  nccjieAOBa- 
hmm,  cBH3aHHbix  c  npofijieMon  OAHOBpeMeH- 
Horo  M3MepeHMH  nOJIHbEX  MaTpMIli  paCCeHHMH 

paAMOJIOKaiJMOHHbIX  ob^eKTOB.  PaSoTbl,  AO- 

jioMceHHbie  Ha  ceMHHape,  nocjiyjKMJiM  ochobom 
npeAnoHceHMM  o  pa3pa6oTKe  nojiHpM3aAHOHHbix 


Siberian  Polarization  Workshop 
first  took  place  in  2000.  It  was  orga¬ 
nized  by  the  Tomsk  State  University 
of  Control  Systems  and  Radioelectro¬ 
nics.  Seven  papers  were  presented  by 
the  people  from  TUCSR  The  authors 
of  these  papers  discussed  the  possi¬ 
bility  to  use  the  scientific  potentials  of 
the  University  in  solving  the  important 
problems  of  polarization  radars. 

Prof.  L.  Ligthart,  the  Head  of  the 
International  Research  Centre  of  Tele¬ 
communication  and  Radar  (IRCTR)  took 
part  in  the  first  Workshop.  This  small 
scientific  event  gave  start  to  the  long 
living  collaboration  of  the  Russian 
and  the  Dutch  scientists.  During  short 
period  several  international  contracts 
were  concluded,  the  Rector  of  TUCSR 
visited  Delft  University  of  Techno¬ 
logy  (the  Netherlands);  the  agreement 
to  organize  the  Siberian  Branch  of 
IRCTR  in  Tomsk  at  TUSCR  was 
signed 

The  Second  Siberian  Polarization 
Workshop  took  place  also  in  Tomsk. 
Results  of  investigation  devoted  to  the 
problems  of  simultaneous  estimation 
of  radar  object's  backscattering  matrix 
were  discussed  there.  The  discussed 
results  became  the  basis  for  the  pola¬ 
rization  radars  of  new  generation  meant 
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PJIC  HOBoro  noKOJieHMH  ajik  o6Hapy5KeHMH 
n  onpeflejieHMH  KoopAMHaT  cjiojkhbix  He- 
CTa6wjibHbix  06'beKTOB  npnpoA.Horo  n  mc- 
KyccTBeHHoro  nponcxoncAenna. 

TpeTnn  nojiHpM3ai^MOHHbm  ceMMHap 
npoBO^MTCH  b  mojioaom  CypryTCKOM  rocy- 
flapCTBeHHOM  yHMBepCMTeTe,  6bICTpbIMM  TeM- 
naMM  HapaujMBaiom.eM  cbom  HayHHo-TexHM- 
necKMM  noTemjnaji.  TeMaTMKa  ceMMHapa 
3HaHMTejibH0  pacniMpeHa.  B  nporpaMMy  bkjho- 
HeHO  OKOJIO  40  flOKJiaflOB,  B  TOM  HMCJie  AOK- 
jiaflbi  BeAymnx  cneijHajincTOB  b  objiacTM  no- 
JIHpM3aiJH0HH0M  paAMOJIOKaiJMM  M3  CHIA, 
HM^epJiaHflOB,  YKpaMHbi,  a  TaiOKe  M3Becr- 
Hbix  yqenbix  3Toro  Hanpa BJieHMH  M3  Mockbbi, 
CaHKT-neTep6ypra,  ToMCKa,  KpacHoapcKa. 
Pha  AOKJiaAOB  c  pe3yjibTaTaMM  opnrMHajib- 
Hbix  HayHHbix  MCCJieAOBaHMM  npeACTaBJieH  cne- 
UMajiMCTaMM  CypryTCKoro  rocyAapcTBemioro 
yHMBepCMreTa. 

IIporpaMMHbiM  KOMMTeT  McejiaeT  BceM 
ynacTHMKaM  ceMMHapa  mioAOTBopHbix  koh- 
TaKTOB,  ycnexoB  b  HaynHOM  A^HTejibHOCTM, 
pacniMpeHMH  HaynHoro  B3aMM0AencTBMH  m 
coTpyAHMHecTBa. 


to  detect  and  to  measure  coordinates 
of  non-stable  complex  objects  of 
natural  and  artificial  origin 

The  Third  Siberian  Polarization 
Workshop  takes  place  here  in  Surgut 
at  the  rapidly  developing  University. 
The  field  of  the  problems  meant  to 
be  discussed  became  much  wider.  40 
papers  are  included  in  the  program, 
among  them  the  papers  of  the 
leading  scientists  from  the  USA,  the 
Netherlands  and  Ukraine  as  well  as 
from  Moscow,  St.  Petersburg,  Tomsk 
and  Krasnoyarsk.  Several  papers  with 
the  important  results  of  the  research 
were  presented  by  the  people  from 
the  Surgut  State  University. 


The  Program  Committee  wishes 
to  everybody  productive  contacts, 
success  in  research,  opportunity  to 
widen  scientific  contacts  and  colla¬ 
boration. 


Ilpocfieccop  r.C.UlapbLzun 
IJpedcedamejLb  npozpaMMuozo 
KOMumema  Cu6TIoji-2004 
Hayunmu  pyKoeodumejib  HUM  PTC 

rycyp 


Professor  G.S .  Sharygin 
SibPol-2004  Program 
Committee  Chairman 
Research  Director  of  RIRS 
TUCSR 
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HayMHbie  HCCJieflOBaiinfl  h  HayquuH  Scientific  Research  and 

noTemmaji  CypryrcKoro  Potential  of  Surgut  State 

rocyaapcTBenHoro  ynHBepcHTeTa  University 

H.H.  BaayaHH H.H.  ILnocHHH2  N.N.  Badulin  I.I.  Pljusnin 2 

CypryrcKMft  rocyAapcTBeHHbift  yHHBepCHTeT,  Surgut  State  University 

626400,  Cypryr,  Tiomchcko#  o6ji.,  Energetikov  Str.  14,  Surgut,  626400 

yji.  3HepreTHKOB,  14  E-mail:  1  bnn@mail.ru;  2  pii@no.surgu.ru 

E-mail:  1  bnn@mail.ru;  2  pii@no.surgu.ru 


CypryrcKHfi  rocyAapcTBeHHbift  yHHBepcHTCT  Surgut  State  University  (SurSU)  is 
(CypEY)  HBJiaeTCH  *mpoM  CHCTeMbi  Bbicuiero  the  kernel  of  the  Khanty- Mansy 
o6pa30BaHPW  XaHTbi-MaHCHftcKoro  aBTOHOMHO-  Autonomous  Region  Higher  Education 
ro  OKpyra.  06ecne4eHHe  perwoHa  BbicoKOKBa-  system.  The  main  goal  of  the  University 
jiH(J>HUHpOBaHHbiMH  cneimajiHCTaMH  -  rjiaBHaa  is  to  provide  highly  qualified  specialists 
3ajotaqa  yHHBepcHTexa.  BaacHyio  pojib  urpae  r  yHH-  for  the  region.  The  University  also  satis- 
BepCHteT  h  b  yaoBJieTBopeHHH  norpefiHOCTeH  fies  the  region  demands  in  research. 
OKpyra  b  HayMHbix  HcciieaoBaHHax. 

HanpaBJienMH  Hay4Hbix  HccjieAOBaHHH  on-  Directions  of  the  research  are  defined 
peflejwiOTCH  cneuH<i>HKoft  pa3BHTHH  3KOHOMH-  by  the  character  of  the  North  Siberia 
uecKoro  noieHunajia  panoHOB  CeBepa  CnfinpH,  development  oriented  on  oil  production. 
opneHTHpoBaHHbix  Ha  Ao6bi4y  h  nepepa6oncy  Oil  production  is  connected  with  the 
yrjieBOflopo.HHoro  cbipba.  3Tofi  cneuH<I)HKe  co-  danger  to  the  natural  ecology  of  the 
nyTCTByeT  KpattHHH  paHHMOCTb  h  HeycToifaw-  North  and  needed  proper  organization. 
BOCTb  npHportHbix  3K0CHCTeM  CeBepa  h  Heo6-  The  population  also  should  be  provided 
xoflHMOCTb  obecneHeHHH  b  sthx  ycjioBHHX  with  needed  comfort. 
pa3BHTHH  npoH3BO^cTBa  h  o6ecne4eHHa  Hace- 

jieHHK)  Haane>Kamero  ypoBHH  KOM<})opTa.  The  high  level  of  the  research  strongly 

HayHHbifi  noTeHUHaji  yHHBepcHTeTa,  npe^ure  depends  on  the  University  staff.  At 
Bcero,  onpeflejiaeTCH  ero  npo<})eccopcKO-npeno-  present  92  Professors  and  192  Assistant 
naBaTCJibCKMM  cocraBOM.  B  HacTonmee  BpeMH  b  Professors  are  working  at  the  Surgut  State 
Cypry  pafioraiOT  92  npoc^eccopa,  Aoicropa  Hayx  University.  The  Head  of  the  University  if 
h  195  AoueHTOB,  KaHAHAaTOB  HayK.  Bo3niaBJifleT  the  Rector  -  Georgii  Ivanovich  Nazin  - 
yHHBepcHTeT  peicrop  Teopraft  HBaHOBMM  Ha-  Professor  and  member  of  two  Russian 
3HH,  npo(J)eccop,  axaAeMHK  MAH  h  I1AHH.  B  Academies.  There  are  10  faculties  at  the 
cociaB  yHHBepcHTeTa  bxoaht  10  (J>aKyjibTeTOB:  University: 

1.  <J>aKyjibTeT  HH(j)opMairiiOHHbix  TexHOJiorwft;  1.  faculty  of  Information  Technology; 

2.  HHXceHepHO-(})M3HHecKHH  (haKyjibTeT;  2  engineering-physical  faculty; 

3.  3K0H0MHHecKHft  cJjaKynbTeT;  3.  economical  faculty; 

4.  ropHAHHecKHft  (JjaKyjibTeT;  4.  faculty  of  law; 

5.  MeAHUHHCKHft  (JjaKyAbTeT;  5.  medical  faculty; 

6.  OnojiorHHecKHH  cj)aKyjibTeT;  6.  biological  faculty; 

7.  4>aKyjibTeT  <})H3H4ecKoft  KyjibTypbi;  7.  faculty  of  physical  training; 

8.  4>aKyAbTeT  ncuxojioraii;  8.  faculty  of  psychology; 

9.  <t>aKyjibTeT  jihhtbhcthkh;  9.  faculty  of  linguistic; 

10.  HCTopH4ecKnft  (J)aKyjibTeT.  10.  history  faculty. 

OcHOBHaa  HayuHo-HccjieAOBaxejibCKaa  Aea-  46  chairs  and  28  research  department 
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TejibHOCTb  b  CypFY  ocymecTBJifleTCfl  Ha  46  Ka- 
(J)eApax  h  b  28  Hayunbix  noApa3AeJieHMax.  BeAy- 
iahmh  noApa3AeAeHHHMH  hbjihiotch: 

1.  HayqHo-HCCAeAOBaieAbCKHH  HHCTHTyT  npH- 
poAonojib30BaHHA  h  3KOJiorHH  CeBepa; 

2.  yqe6Ho-HayHHbiH  HHCTHTyT  KHfiepHeTHKH, 
MHC^OpMUTHKH  H  TeJieKOMMyHHKaiJHH; 

3.  HeHTp  HH(t)OpMaUHOHHbIX  TeXHOJlOFMM; 

4.  ueHTp  3Heproc6eperaioiuHX  TexHOjiormi; 

5.  jiaGopaTopHH  MareMaTHnecKoro  MOAejiHpo- 
BaHHfl; 

6.  Jia6opaTOpHH  6HOKH6epHeTHKH  h  6ho(J)H3H- 
KH  CJlOXHbIX  CHCTeM; 

7.  jiafiopaTopna  chctcm  TeJieKOMMyHHKaiJHH  h 
MOHHTopHHra  oKpyacaiomeM  cpeAbi; 

8.  jiaSopaTopHH  paAH0(J)H3HqecKHx  mctoaob 
HccjieAOBaHHH; 

9.  jia6opaTopHa  coimoAorHHecKHX  HccneAOBaHHH. 
B  yHHBepcHTeTe  oncpbiTa  acnHpaHTypa  no  35 

cnennajibHocTHM,  b  kotopoh  b  HacToamee  Bpe- 
m a  oGyaaioTca  350  acnnpaHTOB.  B  uacTHocTH, 
oSyneHne  ocymecTBJiaeTca  no  caeAyioiUMM  cne- 
unajibHocTaM  ecTecTBeHHo-HaynHoro  HanpaB- 
aeHna: 

1 .  paAHo4>H3HKa; 

2.  cncTeMHbiH  aHajiH3,  ynpaBJieHne  n  o6pa6oT- 
xa  HH^opMaunn; 

3.  MaTeMaTnaecKoe  n  nporpaMMHoe  o6ecnene- 
Hne  BbiancaHTeabHbix  ManiHH,  komiuickcob 
h  KOMnbiOTepHbix  ceien; 

4.  MeTOAbI  H  CHCTeM bl  3aiIXHTbI  HH^OpMaUHH, 
HH^opMauHOHHaa  6e3onacHocTb. 

Yuenbie  CyprY  bhhm aTejibHO  omocaTca  k 

HayaHO-TexHHaecKHM  npofijieMaM  npeAnpHHTHH 
oKpyra  h  BbinojiHaiOT  paA  HayuHo-HccjieAOBa- 
TeJIbCKHX  pa60T  no  3aKa3SM  AAMHHHCTpaitHH 
XMAO-IOrpa  h  r.  Cypryra,  a  TaioKe  OAO  «ra3- 
npoM»  (r.  MocKBa),  OAO  «CypiyiHe<})Tera3»,  OOO 
«CypryTra3npoM»,  OAO  «TioMeHb3Hepro»,  OAO 
«CypryTTejieKOMceTb» . 

B  noApa3Ae;ieHHax  yHHBepcHTeTa  b  2003  roAy 
BbinoiiHeHo  HayaHO-HccjieAOBaTeabCKHx  paSoT 
Ha  cyMMy  15  mjih.  py6. 

B  yHH BepcHTeie  3a  KopoTKoe  BpeMa  6buia 
co3Aana  6a3a  Ana  npoBeA^HHa  HayuHbix  nccjie- 
AOBaHHH  h  OKP  c  Hcnoab30BaHHeM  Jia3epHbix 
TexHoaorHM.  B  2002  r.  CyprY  Boiueji  b  Jteep- 
Hyio  accouHauwK)  PO,  a  b  2003  r.  —  b  cociaB 
EBponeHCKoro  oriTHuecKoro  o6mecTBa  (EOS). 
Ochobhoh  koctbk  rpynnbi  yaeHbix  stoto  Ha- 
npaBaeHHa  coctoht  H3  BbicoKOKBajiH(J)HUHpo- 
BBHHblX  CneUHaJIHCTOB,  HMeiOmHX  SoJIblHOH 
onbiT  pa6oT  b  obopOHHbix  h  aKaAeMHuecKHX 
HHH  ToMcxa,  HoBocHfinpcica  h  Tiomchh.  Boa- 


carry  on  the  research  at  the  Surgut  State 
University.  The  main  departments  of 
SurSU  are  the  following 

1.  Research  Institute  of  nature  manage¬ 
ment  and  the  North  ecology; 

2.  Educational  and  research  Institute  of 
cybernetics,  information  and  tele¬ 
communication; 

3.  Centre  of  information  technology; 

4.  Centre  of  energy-efficient  technology; 

5.  Laboratory  of  mathematical  modelling; 

6.  Laboratory  of  biocyhernetics  and 
biophysics  of  complex  systems; 

7.  Laboratory  of  telecommunication  and 
environment  monitoring; 

8.  Laboratory  of  radiophysical  research 
methods; 

9.  Laboratory  of  sociological  studies. 
University  provides  postgraduate 

courses  on  35  specialities.  Nowadays  there 
are  350  postgraduate  students  at  the 
University.  Some  of  the  postgraduate 
courses  are 

1.  Radiophysics; 

2.  Systems  analysis,  control  and  infor¬ 
mation  processing; 

3.  Mathematical  and  software  for  PC, 
computing  systems  and  networks. 

4.  Methods  and  systems  of  information 
protection,  information  safety. 


The  scientists  of  SurSU  pay  much 
attention  to  the  demands  of  the  region 
and  do  the  research  on  the  orders  of 
HMAR-Jugra  and  Surgut  city  Adminis¬ 
tration,  the  firm  «Gasprom»  (Moscow) 
and  the  firms  «Suigutneftegas»,  «Surgut- 
gasprom»,  «Tumenenergo»,  «Surgut- 
telecom». 

In  2003  the  University  subdivisions 
earned  15  million  Rubles  through  research. 

During  a  short  period  the  basis  for 
research  and  design  using  laser  tech¬ 
nology  was  created  at  SurSU.  In  2002 
SurSU  became  a  member  of  the  Laser  Asso¬ 
ciation  of  Russia  and  in  2003  it  became  a 
member  of  the  European  Optic  Society 
(EOS).  The  backbone  of  this  research 
group  is  formed  by  the  scientists,  having 
experience  of  activity  at  research  orga¬ 
nizations  in  Tomsk,  Novosibirsk  and 
Tumen.  The  head  of  the  group  is  the 
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rJiaBHJi  pa6oTbi  AoueHT  TIjiiochhh  H.H.,  Hayq-  assistant  professor  1. 1.  Plusnin,  the 
HbiMH  pyKOBO^HTejiflMH  CTajiH  a4>- m.h.,  npo-  consultants  are  Prof.  Tabarin  V.A.,  Prof. 
(J)eccop  TaGapHH  B.A.,  at.h.,  npo^eccop  Ba^y-  Badulin  N.N.  and  Prof.  Zuevski  V.P.  The 
jihh  H.H.  h  a.M.H.,  npo(J>eccop  3yeBCKMft  B.fl.  group  includes  27  scientists,  14  post- 
Tpynna  e^ceroAHo  pacTeT,  b  HacroBiuee  BpeMH  graduates  and  more  than  40  students. 
OHa  coctoht  H3  27  yqeHbix,  14  acrmpaHTOB  h  Research  is  done  in  different  directions 
6ojiee  40  cryAeHTOB.  HccjieAOBaHHB  npoBOAHT-  with  orientation  on  practical  utilization 
ch  no  HecKOjibKHM  HanpaBJieHHHM  c  opweHTa-  of  the  research  results, 
uweft  Ha  npaKTHuecKoe  Hcno;ib30BaHHe  KOHen- 
Horo  pe3yjibTaTa. 

IlepBoe  HanpaBJieHHe:  IIccjicAOBaiiHe  m  co-  The  first  direction  is  «Investigation 
3;iaiiHe  AHCxamiHOHHbix  Jiaaepnwx  cpeACTB».  and  design  of  remote  sensing  laser  devices». 

npOBOAHMbie  HCCJieAOBaHHH  B03MOXHOCTH  The  investigation  of  gas  (methane) 
oSHapyaceHHH  yreqeic  ra3a  (MeTaHa)  bmbbhjih  leakage  discovery  showed  peculiarities 
ocobeHHOCTH  Hcnojib30BaHHH  AHCTaHUHOHHbix  of  the  remote  sensing  laser  devices 
jia3epHbix  cpeACTB  (flJIQ  Ha  BepTOJieTax.  Ohm  (RSLD)  usage  on  helicopters.  These 
6buw  cBH33HHbi  c  HajiHUHeM  BbicoKoro  (})OHa  peculiarities  are  due  to  the  high  level  of 
ra3a,  cnem«t>HHHbiM  xapaicrepoM  noAcmnaiomeH  the  gas  background,  specific  nature  of 
noBepXHOCTH,  orpaHHHMBaiomHM  qyBCTBHTejib-  the  underlying  surface  which  limits  the 
HOCTb  annapaTypbi,  h  ycjiobhbmh  nojieroB.  Ebum  equipment  sensitivity,  and  flight  condi- 
pa3pa6oTaHbi  HOBbie  TpeboBaHHB  kJJJIC.  Oaho-  tions.  New  demands  to  RSDL  have  been 
BpeMeHHO  npHcrynHiiH  k  M0AcpHH3auHH  HMe-  formulated.  At  the  same  time  a  helicopter 
lomerocH  b  Cypryrra3npoMe  BepTOJieTHoro  jia-  laser  radar,  owned  by  «Surgutgasprom» 
3epHoro  JioKaTopa.  Pa3pa6oTaHHbift  was  modernized.  The  designed  helicopter 
BepTOJieTHbift  JioKaTop  HOBoro  noKOJieHHu  laser  radar  of  new  generation  «LUG-1», 
«Jiyr-l»,  ocHOBaHHbiii  Ha  Hcnojib30BaHHH  co-  using  modem  optic  electronic  devices, 
BpeMeHHbix  onTHKO-3JieKTpoHHbix  ycipOHCTB,  new  methods  of  digital  signals  processing 
UH<J)poBbix  MeTOAOB  o6pa6oTKH  HH(f)OpMauHH  h  and  information  technology,  has  high 
HHtJjopMaiwoHHbix  TexHOJiorHH,  ofoiaAaeT  bm-  engineering  characteristics.  Additional 
cokhmm  TexHHuecKHMH  xapaKTepHCTHKaMH .  flo-  (after  flights)  data  processing  in  the 
nojiHHTejibHaa  (nocjienojieTHaa)  o6pa6oTKa  radar  work  station,  using  photo- 
HH^opMauHH  Ha  aBTOMara3HpoBaHHOM  pa6o-  information  registered  by  the  radar, 
qeM  MecTe  (APM  JioKaTopa)  c  HcnoJib30BaHH-  made  the  results  of  the  gas  pipelines  tests 
eM  4>oTOHH(})opMauHH,  KOTopaB  perHCTpwpyeT-  more  reliable.  Several  new  stations 
cb  JiOKaTopoM,  no3BOJiHJia  noBHCHTb  («LUG-1»)  of  this  type  are  now  in  the 
AocTOBepHocTb  pe3yjibTaTOB  o6cjieuoBaHHH  ra-  process  of  manufacturing  on  the  order 
3onpoBOAOB.  B  HacroBmee  BpeMB  no  3axa3y  OAO  of  the  «Gasprom»  firm  (Moscow). 
«ra3npoM»,  r.  MocKBa  H3roTaBJiHBaiOTCB  He- 
CKOJIbKO  3K3eMIUIBpOB  JioKaTopa  «Jiyr-l». 

Biopoe  HanpaBJieHHe:  «Co3AAHHe  cem  <rraH-  The  second  direction  is  «Creation  of 
uhS  KOHTpojw  coctobhhh  aTMoctbepw  (b  ochob-  atmpsphere  control  stations  network  (to 
hom,  MeTanoBoro  4>0Ha)».  investigate  mainly  methane  background)». 

CiaHUHH,  KOTopbie  KOHTpoJiHpyiOT  coctob-  Stations  controlling  the  methane  and 
HHe  <J)OHa  MeTaHa  h  yrjieKHCJioro  ra3a,  Hamma-  carbonic  gas  background  are  being  in- 
k>t  pa3MemaTbCB  Ha  TeppHTopHH  XMAO-IOrpa.  stalled  in  HMAR-Jugra  area.  Besides  the 
TaKHe  cTaHUHH,  KpoMe  HayHHbix  npoSjieM,  6y-  scientific  these  stations  are  to  solve  the 
Ayr  pernaTb  h  npaKTHuecKMe  3aAauH  o6Hapyxe-  applied  problems  —  to  discover  areas  with 
hhb  paiioHa  c  noBbimeHHbiM  4)ohom  MeTaHa.  3ia  higher  methane  background.  The 
HH<J)opMauHB  3aTeM  6yueT  HcnoJib30BaTbcB  atib  information  would  be  further  used  for 
6ojiee  TiuaTejibHoro  obcjieAOBaHHB  paftoHa  jio-  rigorous  investigation  using  LUG-1.  It 
KaTOpoM  Jiyr-1.  PaGoTbi  BeAyrcB  cobmcctho  c  is  the  joint  project  of  the  Institute  of 
yqeHHMH  HOA  CO  PAH  (r.  Tomck),  MMB  PAH  Atmosphere  Optics  SB  RAS  (Tomsk), 
(r.  MocKBa)  h  U,eHTpa  rAo6ajibHbix  hccacaobu-  the  Academician  Institute  of  Monitoring 
HHft  OKpyxcaiomeft  cpeAbi  (HaunoHajibHoro  hh-  (Moscow)  and  the  Centre  of  Global 
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crmyra  H3yueHHfl  OKpyxcaiomeH  cpeAM,  UyxySa, 
Riiohhh). 

Tpeite  HanpaBJieHHe:  «MoHHTOpHHr  bmcot- 
Hbix  cjioeB  aTMoc(J)epM». 

3to  HanpaBJieHHe  npejicTaBJiaeT  hhcto  Ha- 
yHHbin  HHTepec,  BbinojiHaeTCH  b  paMKax  Mext- 
AyHapoAHOH  nporpaMMbi  h  <j)HHaHCHpyeTCH 
MoK^yHapojiHbiM  HayqHO-TexHHuecKHM  ueHT- 
poM  (MHTIJ).  Pa6oTbi  nocBHmeHbi  HccjieAOBa- 
HHK)  a3p030JIbHbIX  nOJieH  H  030Ha  B  BepXHHX 

cjiobx  aTMoc^epbi. 

HeTBepToe  HanpaBJieHHe:  «JIa3epin»ie  TexHO- 
JIOIHH  B  Me/IHHHHe». 

yqeHbiMH  Cypry  coBMecTHO  c  yqeHHMH 
Try  (r.  Tomck)  co3jiaHa  MeAHUHHcxan  annapa- 
Typa  juib  jieueHHH  paxoBbix  3a6ojieBaHHH.  Hc- 
cjiejioBaHHH  no  co3AaHMK>  annapaTypbi  6buin  no- 
aepxcanbi  rpaHTOM  MnHnpoMHayKH  PO,  b 
HacToamee  BpeMa  0Tpa6aTbiBaeTca  MeTOAHKa 
jieqeHHH  paxa  b  KJiHHHKax  r.  Cypryra  h  r.  ToMcxa. 
Annaparypa  roTOBHTca  k  cepTH(})HKanHH. 

IlHToe  HanpaBJieHHe:  «IIojiapH3aiaioHHbie 
6HCTa6HJibHbie  oimwecKHe  ycTpoiiCTBa». 

3th  Hccjie^oBaHHa  HanpaBJieHbi  Ha  co3Aa- 
HHe  3JieKTpOHHbIX  H  OnTHHeCKHX  flaTHHKOB  (])H- 
3HqecKHX  BejiHHHH,  JiornqecKHx  sjieMeHTOB  h 
3JieMeHT0B  naMHTH  BbIHHCJIHTeJIbHbIX  MaillHH  Ha 
6a3e  nojiapH3annoHHo-6HCTa6HJibHbix  ycT- 
pOHCTB.  IIpoBojiaTca  TeopeTHqecKHe  h  3KcnepH- 
MeHTajibHbie  Hccjie/ioBaHHa  ocoSeHHOCTen  npo- 
HBJieHHH  3(})(J)eKTa  Oapajiea  juih  Jia3epHoro 
H3JiyqeHHa  b  onTHuecKHx  3JieMeHTax  h  bo3moxc- 
HOCTH  HCn0JIb30BaHHa  3TOTO  3(|><})eKTa  Ana  co- 
3AaHHa  cBepxSbicTpoaeHCTByiomHX  aornaecKHX 
aaeMeHTOB  h  asthhkob. 

Pa3pa6oTKon  chctcm  TeaeKOMMyHHKauHH  h 
6eCKOHTaKTHbIX  MCTOAOB  30HAHpOBaHH5I  OKpy- 
xcaiomeft  cpeAbi  c  Hcnojib30BaHHeM  3JieKTpoMar- 
HHTHoro  H3ayaeHHa  paAH0AHana30Ha  3aHHMa- 
eTca  IIpoGjieMHaa  jiabopaTopHH  «CncTeMbi 
TeaeKOMMyHHKanHH  h  MOHHTopHHra  OKpyxca- 
lomen  cpeabi». 

JlaSopaTopna  ocymecTBJiaeT  HayqHO-Hccjie- 
AOBarejibCKyio  aeaTeabHocTb  coBMecTHO  c  Be#y- 
1IIHMH  By3BMH  H  aKaAeMHMeCKHMH  HHCTHiyraMH 
Pocchh:  CaHKr-FIeTep6yprcKHM  rocyaapcTBeH- 
HbIM  yHHBepCHTeTOM  TeaeKOMMyHHKanHH  HMe- 
hh  npot}).  M.A.  BoHH-BpyeBHHa,  Tomckhm  rocy- 
AapcTBeHHbiM  yHHBepCHTeTOM,  Tomckhm 
rocyAapcTBeHHbiM  yHHBepCHTeTOM  chctcm  yn- 
paBJieHHa  h  paAH03JieKTp0HHKH,  Hhcthiytom 
onTHaecKoro  MOHHTopHHra  TO  CO  PAH,  Ch- 
6npCKHM  4>M3HKO-TeXHHHeCKHM  HHCTHTyTOM 

npH  Try  h  ap. 


Environment  Investigation  (Tsukuba, 
Japan). 

The  third  direction:  «Monitoring  of 
the  atmosphere  upper  levels». 

This  is  pure  scientific  direction.  It  is 
a  part  of  the  international  program  and 
is  financed  by  the  International  Scientific 
Technical  Centre  (ISTC).  Aerosol  fields 
and  ozone  in  the  atmosphere  high  levels 
are  investigated. 

The  fourth  direction:  «Laser  techno¬ 
logies  in  medicine». 

Medical  equipment  for  cancer  treat¬ 
ment  was  designed  by  the  joint  efforts  of 
SurSU  and  Tomsk  State  University.  The 
activity  was  supported  by  Minpromnauki 
(Ministry  of  Industry  and  Science)  of 
the  Russian  Federation. The  equipment  is 
now  under  test  at  hospitals  in  Tomsk  and 
Surgut,  it  is  prepared  for  certification. 

The  fifth  direction:  «Polarization  bi¬ 
stable  optic  devices». 

The  investigations  were  carried  out 
to  produce  optical  and  electronic  sensors 
of  physical  values,  logical  elements  and 
elements  of  computer  memory,  using 
polarization  bi-stable  optic  devices. 
Theoretical  and  experimental  studies  of 
Faraday  effect  peculiarities  in  case  of 
laser  illumination  in  optic  elements  were 
carried  out  in  order  to  find  the  oppor¬ 
tunity  to  use  it  in  super  fast  logical 
elements  and  sensors. 

The  «Problem  Laboratory  of  Tele¬ 
communication  Systems  and  Environment 
Monitoring»  develops  telecommunication 
systems  and  noncontact  methods  of 
environment  sounding  using  electro¬ 
magnetic  waves  of  RF  band. 

The  Laboratory  works  in  co-operation 
with  such  leading  Universities  and 
Academician  Institutes  of  Russia  as  St. 
Petersbuig  State  University  of  Telecom¬ 
munications  named  after  M.A.  Bonch- 
Bruevich,  Tomsk  State  University,  Tomsk 
State  University  of  Control  Systems  and 
Radioelectronics,  Institute  of  Optical 
Monitoring  SB  RAS,  Siberian  Physical 
and  Technical  Institute  at  the  TSU,  and 
others. 
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OcHOBHbiMH  3a^aqaMM  jiaSoparopHH  hejwkjtch: 

-  pa3pa6oTKa  h  co3AaHHe  HHc[)poBbix  KaHanoB 
CBH3M  pm  KOMnbiOTepHOM  cera  CyprY,  ropo- 
rn  m  oKpyra,  o&beAHHfliomHX  noApa3AeAeHHH 
yHHBepcHTexa  h  Apyrwe  o6pa30BaTejibHbie  yu- 
pex^eHHH,  m  o6ecneqHBaiomnx  Aocryn  b  Hh- 
TepHeT  qepe3  cncreMy  cnymHKOBOH  cbh3h; 

-  pa3pa6oTKa  pa^HOJiOKauHOHHbix  mctoaob 
30HAHp0BaHHB  aTMOC(J)epHbIX  O0pa3OBaHHH 
h  npoMbiumeHHbix  BbiGpocoB  h  HccjieAOBa- 
HMe  hx  B03M0)KH0CTeH  npH  onpeAejieHHH 
<j>H3HHeCKHX  XapaKTepHCTHK  o6beKTOB  30H- 
AHpOBaHHH; 

-  3KOJlorHHeCKHM  MOHHTOpHHr  3arpH3HeHH5I 
B03^yxa,  BOflbi  h  noqBbi  TeppwTopHH  OKpyra; 

-  pa3pa6oTKa  h  co3AaHHe  AaTHHKOB  (})H3HHec- 
khx  napaMeTpOB  He(J)Tera30Ao6biBaiomeH 
npoMbiuuieHHOCTH ; 

-  pa3pa6oTKa  MeTOAOB  no^noBepxHocTHoro 
30HAHp0BaHH5I  H  C03AaHHe  Ha  HX  OCHOBe  fleM- 
CTByiomHX  MaKeTOB  reopa^apoB  jsj. m  onpe^e- 
JieHHfl  4>H3HHeCKHX  XapaKTepHCTHK  H  peTHC- 
TpaHHH  KOOp^HHaT  o6beKTOB,  HaXOABIAHXCH 
noA  noBepxHocTbio  3eMJiH. 

BaxcHbiM  HanpaBJieHHeM  nccjieAOBaHHH  bb- 
JlfleTCfl  OUeHKa  B03MO)KHOCTH  HCIIOJlb30BaHHfl 

nojiHpH3anHOHHbix  3$4>eKTOB  WM  pemeHHM  cto- 
hiuhx  nepeA  JiabopaTopneH  3aAau.  B  qacTHoem, 
pa3pa6aTbmaioTCH  ah  CTaHUHOHHbie  MeTOAbi  30H- 
AHpoBaHHa  MeTeoo6pa30BaHHH  h  npoMbiumeH- 
Hbix  BbiSpocoB  b  aTMoc(J>epy  c  noMombio  paAHo- 
JIOKaUHOHHblX  nOAHpHMeTpOB.  OCHOBOH  JUlfl 
noAoSHbix  pa3pa6oTOK  hbashotch  TeopenwecKHe 
HccneAOBaHHH  XapaKTepHCTHK  pacceflHHA  o6beM- 
ho  pacnpeaejieHHbix  uejreH  h  HHCJieHHbie  MeTOAbi 
MOAeJiHpoBaHHH  paAHOJioKauHOHHoro  KaHajia. 

JlaSopaTOpHH  HBAHeTCH  CTpyKTypHbIM  nOA- 
pa3Ae;ieHHeM  YueSHo-HayuHoro  HHCTHTyra  kh- 
6epHeTHKH  HHCjaOpMaTHKH  H  TeJieKOMMyHHKaHHH 
(YHMKHT),  B  HOBOM  3AaHHH  KOTOporo  B  ceH- 
Tfl6pe  2004  roAa  nuaHHpyeTCH  pa3MemeHHe  3K- 
cnepHMeHTanbHbix  ycTaHOBOK  AabopaTopHH. 

Eme  oahhm  HanpaBJieHHeM  HccAeAOBaHHH, 
npoBOAHMbix  b  jiaOopaTOpHH,  BBJiaeTCH  pa3pa6oT- 
Ka  h  co3AaHHe  noAnoBepXHocTHoro  paAapa  (reo- 
paAapa),  npe ah a3H aueH  h oro  aah  KapTorpa4>Hpo- 
BaHHH  noAnoBepxHocTHOH  cpeAbi  b  npouecce 
MOHHTOpHHra  COCTOHHHfl  MBTHCTpaAbHblX  Tpy6o- 
npoBOAOB.  3to  HanpaBJieHHe  oco6eHHo  aKryajib- 
ho  ajih  He4>Tera30Ao6biBaiomHX  npeAnpHBTHH 
OKpyra.  EecKOHTaKTHbie  mctoabi  oueHKH  cocto- 
flHHH  TpySonpOBOAOB  AaiOT  3HaqHTeJIbHbIH  3KO- 

HOMHnecKHH  3(Jxj)eKT  b  TpyAHOAocTyn Hbix  pano- 
nax  Ch6hph. 


The  main  directions  of  the  Laboratory 
activity  are  the  following 

-  development  and  manufacture  of 
digital  communication  links  for  SurSU, 
Suigut  and  all  region,  connecting  the 
University  departments  and  other  edu¬ 
cational  organizations  and  providing 
access  to  Internet  via  satellite  com¬ 
munication  system; 

-  development  of  radar  methods  for 
sensing  atmosphere  formations  and 
industrial  pollutions  and  investiga¬ 
tion  of  their  possibilities  in  estima¬ 
ting  physical  characteristics  of  soun¬ 
ded  objects; 

-  ecological  monitoring  of  air,  water 
and  ground  pollutions; 

-  design  and  production  of  physical 
parameters  sensors  for  gas-and-oil 
producing  industry; 

-  working  out  methods  of  subsurface 
sounding  and  production  of  geo-radar 
prototypes  which  could  estimate 
physical  characterisitcs  and  coordi¬ 
nates  of  objects  beneath  earth  surface; 
The  important  direction  of  research 

is  estimation  of  possibility  to  use  the 
polarization  effects  for  solving  some 
problems.  In  particular,  remote  sensing  of 
meteorological  objects  and  industrial 
pollutions  in  atmosphere  with  the  use  of 
radar  polarimeters  are  investigated.  The 
basis  for  these  investigations  is  theoretical 
studies  of  volume-distributed  targets 
scattering  characteristics  and  numerical 
methods  of  radio  channel  simulation. 

The  Laboratory  is  a  part  of  the 
Educational  and  Research  Institute  of 
Cybernetics,  Information  Science  and 
Telecommunications.  Experimental  setup 
of  the  Laboratory  will  be  installed  in  the 
Institute  new  building  in  September  2004. 

Another  direction  of  the  Laboratory 
research  is  development  of  subsurface 
radar  (geo-radar)  intended  for  mapping 
underground  in  the  process  of  trunk 
pipelines  monitoring.This  Birection  is  very 
important  for  oil-and-gas  production 
enterprises  of  the  region.  Non- contact 
methods  of  pipelines  state  give  essential 
gain  in  difficult  to  access  areas  of  Siberia. 
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OueHHBaa  HayHHo-HccjieflOBaTejibCKyio  ae- 
HTejibHOCTb  CypryTCKoro  rocyztapcTBeHHoro 
yHMBepcHTeTa  b  ue;ioM,  mojkho  yraep^aTb,  mto 
b  yHHBepCHTeTe,  3a  iuieuaMH  KOToporo  Bcero 
oaho  ^ecHTHJieTHe,  co3^aHbi  Bee  ycJiOBHB  ju ih  yc- 
neuiHOH  HaynHOM  paSoTbi.  YuHTbreaB  6ypHbiH 
3KOHOMHHCCKHH  pOCT  peTHOHa,  MO)KHO  02CH- 
H3Tb  flajibHeMiuero  pa3BHTHB  HayuHbix  Hccjieao- 
BaHHM  b  yHHBepCHTeTe. 


So,  having  evaluated  research  activity 
of  Surgut  State  University  on  the  whole, 
we  can  say  that  the  young  University, 
only  ten  years  old,  provides  perfect 
opportunities  for  successful  work.  Taking 
into  consideration  the  rapid  economical 
development  of  the  region,  one  can 
expect  further  evolution  of  research  in 
the  University. 
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Tame  Memodbi  npocmpahemeemoeo  paanoca  kok  no-  Spatial  diversity  techniques  like  polarization 

Mpwaiqiomuu  pa3H0C,  conemame  npocmpaucmeen-  diversity,  Space-Time  Coding  or  Maximum 

HO-epeMemoeo  KodupoeanuH  wiu  MaKciiMoamoeo  om-  Ratio  Combining  are  advanta-geous  if  the 

HOUieHun  damn  euuzpbiiu  e  moM  cnynae,  ecnu  cuzaanu  received  signals  of  the  diversity  branches  are 

npummbte  e  nnenax  pa3iioca  docmamomo  neKOppemi-  sufficiently  uncorrelated.  Indoor  non- line-of- 

poeaubt.  Jl/m  layneHUH  (oauMHoit  KOppemupu  deyx  npu-  sight  measurements  were  carried  out  to  study 

Hftmbtx  opmoeoHOMbuo  nompmoeamux  cimtanoe  c  the  cross-correlation  between  two  received 

noMoipbH)  jiimeuno  -nosinpiaoeaHHOit  nnoacou  anmembt  signals  of orthogonal  polarization  using  a  dual 

6unu  npoeedeubt  icmepeuusi  « nenpmioii  euduMOcmu»  linear- polarized  patch  antenna.  The  antenna 

enympu  nmememiH.  flamum  aomenm  pa3pa6omam,  U3-  has  been  designed,  built  and  measured  at 

aomomena  u  umepeua  e  IRCTR  B  cmambe  npueodsm-  IRCTR.  This  paper  gives  the  results  of  the 

cr  pejynbmamu  umepeHuu  xanana.  flenaemcx  eueod  o  channel  measurements.  It  is  concluded  that 

moM,  nmo  npuwunbie  opmoeouaMbuo  no/wpinoeanubie  received  signals  with  orthogonal  polarization 

cuzuajibi  e  kohohox  c  peneeeaam  30MupaHum  He  uMeiom  in  indoor  Rayleigh  fading  channels  have  no 

cyiqecmeeHHOu  Koppenmpiu  no  oeuGaiouipu.  significant  envelope  correlation. 

I.  Bee^eaHe  I.  Introduction 

B  MeTO,ae  noJiapimuHOHHoro  pa3Hoca  juin  Polarization  diversity  technique  uses 
npneMa  paanocnraana  c  3aMHpaHMHMM  ozmoBpe-  horizontal  and  vertical  polarization  simulta- 
MeHHO  Hcnojib3yiOT  ropH30HTanbHyio  h  BepTH-  neously  to  receive  the  faded  radio  signal  in 
KajibHyio  nojiapH3auHM  jajin  ycwieiiHa  hhtchchb-  order  to  enhance  the  received  signal  strength. 
hocth  cwmajia.  floKa3aHO,  hto  Hcnojib3y«  It  is  shown  that  using  ±45°  dual-polarized 
aHTeHHbi  c  abohhoh  ±45°  nojiHpH3aimeft  mojkho  antennas  can  improve  the  signal  strength 
noBMCHTb  HHTeHCHBHOCTb  cHmajia  Ha  5-6  aB,  b  in  the  order  of  5  to  6  dB  while  using  a  hori- 
to  BpeMB  Kax  Hcnojib30BaHHe  aHTeHHbi  c  ropH-  zontal/vertical  polarization  dual-antenna 
30HTanbHOH /BepTHKajibHOH  nojiHpH3amiHMH  o6ec-  system  provides  a  diversity  gain  of  3-4  dB  [  1  ]. 
neunBaeT  jiHmb  3-4  nB  Bbmrpbmi  [  1 J .  YjiyniiieHMe  The  performance  improvement  depends  on 
xapaicrepHcmK  3aBHCHT  or  b33Hmhoh  KOppejwuHH  the  cross-correlation  of  the  received  signals 
(BK)  npwHBTbix  cMTHaaoB  b  roieuax  pa3Hoca.  3xa  of  the  diversity  branches.  This  correlation 
KoppejiHitHH  HccnenoBanacb  TeopernuecKH,  h  pe-  has  been  studied  theoretically  and  results 
3yjibTaTbi  6buiH  npencraBJieHbi  b  [2].  OAHaxo  nono6-  were  presented  in  [2].  However,  such  models 
Hbie  Mo/ieiiM  HeoSxoflHMO  npoBepHTb.  IIoaTOMy  c  need  to  be  validated.  Therefore  measure- 
nejibio  H3yneHHB  KoppejmuHH  hbmh  6buiH  npoBe-  ments  were  done  to  study  the  branch 
aeHpH,HH3MepeHHM.BceH3MepeHM5i6bmHBbinojiHe-  correlation.  All  measurements  were 
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Hbi  b  noMemeHHH  cfraKyjibTera  ajieicrpOTexHHKH, 
MareMaTHKH  h  HH(Jx)pM  aTHKH  JXenfyiCKoro  yHHBep- 
CHTera  TexHOJioraH.  Panee  yace  6bum  BbmojiHeHbi 
cxo^Hbie  M3MepeHHB  [2, 3].  Run  H3MepeHHB  K03(j)- 
<J)HUHeHTa  KoppejiauHH,  b  IRCTR  6buia  pa3pa- 
6oxaHa  (h  H3MepeHa  b  DECT  (Digital  European 
Cordless  Telecommunications)  tmana30He)  ruioc- 
Kan  aHTeHHa  c  bbomhoh  nojiapH3aimeH.  Rpn  o6e- 
hx  noJiflpH3auHM  OTpaaceHne  ot  Bxozra  6buio  He 
xyace  -20  ,zrE,  a  pa3BH3ica  Mexny  ziByMfl  Bxo^aMH 
6buia  nopanxa  -33  ,uE.  Raman  aHTeHHa  wcnojib- 
30Bajiacb  juin  n3MepeHHB  BHyrpeHHero  KaHarra  c 
p3JieeBCKHMH  3aMHpaHHBMH  B  nOJWpH3aiXHOHHOft 
oSjiacTH. 


II.  H3MepeHHB 

II.A.  IJpoujedypa 

KoHCTpyKTHBHOe  HJIM  pa3pyUIHTeJIbHOe  B03- 
neHCTBwe  Kpambix  bojih  b  MHorojiyueBOM  paaMo- 
KaHajie  npHBOaHT  K  SbICTpbIM  H3MeHeHHHM  hhtch- 
chbhocth  cnmajia  b  npocrpaHcroeHHOH,  nojiapn- 
3airH0HH0M  h  BpeMeHHOH  o6jiacrax.  3to  Ha3bffiaercB 
MeJiKOMacnrra6HbiM  3aMHpaHHeM.  MHorojiyueBoe 
pacnpocrpaHeHHe  o6ycjioBJieHO  pacceHHHeM  pa- 
HHOBOJTH  m  cymecTBeHHo  3aBHCHT  ot  oicpyacaio- 
men  cpeabi.  Rpn  6opb6bi  c  3aMHpaHHBMH  Bbiroa- 
ho  ncnoab30BaTb  aHreHHbi  c  bbohhoh  nojiBpH3a- 
HHeft  (AflB)  mn  oflHOBpeMeHHoro  npneMa 
ocnaSjieHHoro  cHiHajia  Ha  V-  h  H-nafiflpH3amwx.  B 
naHHofl  pa6ore  mh  aeJiaeM  ynop  Ha  BHyipeHHMX 
cpeaax  c  «BrwHMocrbio,  odwihom  or  npaMOM»,  ko- 
TOpbie  MOJKHO  CMQaeJIHpOBarb  C  HCnQJIb30BaHHeM  p3- 
jieeBCKoro  pacnpocipaHeHHH.  Rpn  H3MepeHHH  B3anM- 
hoh  KoppeyiHUHH,  Mbi  HanyqaeM  HenpepbffiHyio  Bcumy 
(HB)  b  DECT  (hjih  PCS)  nacroTHOM  rmana30He 
rUIOCKOH  JlHHeHH0-nQJT5IpH30BaHH0H  aHTCHHOH. 

ILiocicaa  AflB,  Hcnojib3yeMaa  b  KauecTBe 
npHeMHOH  aHTeHHbi,  ycTaHaBJiHBaercH  Ha  nepe- 
HOCHOM  flepeBHHHOM  CTeH^e,  KOTOpblH  MO>KHO 
nepeflBHrarb.  IIpHHHTbie  cumajibi  npeo6pa3yioTCH 
Ha  nH,  hx  oraEaiomHe  oitH(})poBbiBaioTCH  h  3a- 
nucbiBaioTCB  pj in  nocjieayiomeH  o6pa6oTKH  h 
BbIHHCJieHHfl  K03(J)Cl)HUHeHTa  BK.  Tpaccbl  H  Ha- 
npaBJieHHH  BbiEnpajincb  npoH3Bo;ibHo,  npw 
3tom  oSecneHHBanocb  Eojibuioe  hhcjio  kohk- 
perabix  cHTyaitHH  pacnpocrpaHeHHB. 

II.  B  Annapamnan  ycmauoerca 

AnnapaTHaa  ycTaHOBKa  aHajiorHHHa  toh, 
KOTopaa  6bur  onncaHa  b  [4].  Rjin  Harjia^HocTH 
Ha  pnc.  1  npHBeaeHa  ee  GaoK-cxeMa.  XapaxTepn- 


indoor  and  have  been  carried  out  in  the 
building  of  the  Faculty  of  Electrical  Engi¬ 
neering,  Mathematics  and  Computer 
Science,  of  Delft  University  of  Technology. 
Similar  measurements  have  been  carried 
out  earlier  and  were  reported  in  [2]-[3].  In 
order  to  measure  the  correlation 
coefficient  a  dual-polarized  patch  antenna 
has  been  designed  and  measured  at  IRCTR 
in  the  DECT  band.  An  input  reflection 
better  than  -20  dB  was  measured  for  both 
polarizations.  Isolation  between  the  two 
ports  was  in  the  order  of  -33  dB.  The 
antenna  was  used  to  measure  the  indoor 
Rayleigh  fading  channel  in  the  polarization 
domain. 

II.  Measurements 

II.A.  Procedure 

The  constructive  or  destructive  inter¬ 
ference  of  multiple  waves  in  amultipath 
radio  channel  causes  the  signal  strength 
to  change  rapidly  in  space,  polarization 
and  in  time  domain.  This  is  called  small- 
scale  fading.  Multipath  propagation  is 
caused  by  the  scattering  of  radio  waves  and 
depends  strongly  on  the  type  of  environ¬ 
ment.  In  order  to  combat  the  fading  it  is 
beneficial  to  use  dual-polarized  antennas 
to  receive  simultaneously  the  faded  signal 
at  the  vertical  and  horizontal  polarization. 
In  this  study,  we  focus  on  indoor  non- 
line-of-sight  environments,  which  can  be 
modeled  by  Rayleigh  propagation.  In 
order  to  measure  the  branch  cross-corre¬ 
lation,  we  transmit  a  continuous  wave  (CW) 
in  the  DECT  (or  PCS)  frequency  band 
via  a  linear-polarized  patch  antenna. 

A  dual-polarized  patch  antenna  is  used  as 
receiver  antenna,  mounted  on  a  mobile  wooden 
stand  and  can  be  moved  along  a  random  path. 
The  received  signals  are  down  converted  and 
the  envelopes  are  sampled  and  stored  for 
offline  post-processing  and  calculation  of 
the  cross-correlation  coefficient.  The  paths 
and  directions  were  chosen  randomly  and 
long  enough  to  average  over  a  large 
number  of  specific  propagation  situations. 

II. B  Hardware  Set-Up 

The  hardware  set-up  is  the  same  as 
the  measurement  set-up  used  in  [4].  For 
clarity  a  block  diagram  of  the  set  up  is 
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CTHKH  yCTaHOBKM  He  npHBOAHTCfl,  nOCKOJlb- 

Ky  ohh  AaHbi  b  [4].  Ha  pwc.  2  noKa3aHa  <J)OTorpa- 
<J>hio  nepeHocHoro  aepeBHHHoro  creHaa  c  MIHY 
H  npweMHoii  aHTeHHOH. 


shown  in  Figure  1.  The  specifications  of 
the  hardware  are  not  given  in  this  paper 
and  can  be  found  in  [4].  Figure  2  shows 
the  photo  of  the  mobile  wooden  stand 
including  the  LNAs  and  receive  antennas. 


Phc.  2.  (a)  IlepeHOCHaa  flepeBHHHaa  croHKa  c  MIHY  h  npHeMHbiMM  anreHHaMH,  (b)  Kpynm>ra 
imaH 

Fig.  2.  (a)  Mobile  wooden  stand  with  the  LNAs  and  receive  antennas,  (b)  Close-up 


II.  C  AnmeHHbt 


II.  C  Antennas 


B  otom  paaaejie  6ojiee  iioapoGho  paccMOTpe- 
Ha  KOHCTpyKUHH  aHTeHHH  c  £BOi*HOft  nojiapn- 

3auweft.  AjHTeHHa  paccHHTaHa  Ha  1,89  TDa,  h 
BbinojiHena  Ha  noAnoaoce  RT/Duriod  bhcoto# 
1,58  MM  H  AH3JieKTpHUeCKOft  nOCTOHHHOH  2,33. 
TaHreHc  yrjia  noTepb  MaTepnajia  Ha  paboqeft 
qacTOTe  He3H  auHTejieH . 


In  this  section  the  design  tool  for  the 
dual  polarized  patch  antenna  is  discussed 
in  more  detail.  The  antenna  is  designed  at 
1.89  GHz  using  RT/Duriod  substrate 
material  with  height  of  1.58  mm  and  a 
dielectric  constant  of  2.33.  The  loss  tangent 
of  the  material  at  the  designed  frequency 
is  negligible. 
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II.  C.  1  Pa3Mepbi  ruiacmuHbi  II.  C.  1  Patch  dimensions 

IIlHpHHa  h  3(})cj)eKTHBHa5i  £HHHa  ruiacTHHbi  The  width  and  effective  length  of  the 
CBjnaHH  c  pe3OHaHCH0fii  nacTOToft  cjieayiomHM  patch  is  related  to  the  resonance 
o6pa30M  [5]  frequency  as  follows  [5] 


(1) 


L= - ^=-2ti.  (2) 

me  c  -  cKopocTb  cBera,  fr  -  pe30HaHCHaa  HacTOTa,  where  c  is  the  free-space  velocity  of  light, 
a  er  —  flHajieicrpHHecKafl  nocroaHHaa  noAnoaaai.  fr  is  the  resonance  frequency,  and  sr  is 
zreff—  3(JxheKTHBHaa  znraaeKTpMHecKaa  nocToaH-  the  dielectric  constant  of  the  substrate. 
Haa,  KOTopaa  3ariHCbiBaeTca  b  BH/ie  £r<?^-is  the  effective  dielectric  constant  and 

is  given  by 


—  1+12— 
2  W 


IIocKoabKy  pa3Mepw  ruiacTHHbi  KOHeaHbi,  to  Since  the  dimensions  of  the  patch 
noae  Ha  ee  Kpaax  no^BepraeTca  Tax  Ha3biBae-  are  finite,  the  field  at  the  edges  of  the 
Moft  napa3HTH0H  oKaHTOBKe  (cm.  phc.3)  [5].  patch  undergoes  the  so-called  fringing 

as  illustrated  in  Figure  3  [5]. 


A  L  AL 


K+t  •* -  L  - ►  H-M  Patch 


a)  b) 

Phc.  3.  d>H3HaecKaa  h  atJxfjeKTHBHaa  ^iHHa  npaMoyrojibHoft  MHKponojiocKOBoft 
miacTHHbi,  (a)  —  3(]xheKTHBHbiH  pa3Mep,  (b)  —  KpaeBofi  3<ixi>eicr  [5J 
Fig.  3.  Physical  and  effective  lengths  of  rectangular  microstrip  patch,  (a)  effective 
dimension,  (b)  Fringing  effect  [5J 

npHHHHbi  3toh  "okbhtobkh"  cocToaT  b  tom,  The  fringing  causes  that  electrically 
hto  aaeicrpHuecKH  aiuma  ruiacTHHbi  Soabiue  ee  the  length  of  the  patch  is  longer  than 
<})H3HHecKOH  /yiHHbi.  YBejTH^ieHHe  miHHbi  onpeae-  its  physical  length.  The  extension  of  the 
jiaeTca  BbipaaceHHeM  length  is  given  by 
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CorjiacHO  BbipaaceHHHM  (l)-(4),  ruiacTHHa 
HMeeT  cjre^yiomHe  pa3Mepbi:  L  -  51 ,273  mm  h  W 
=  61,465  mm.  4To6bi  nojiyHMTb  ojmy  MTyxe  pe- 
30HaHCHyio  qacToiy  jum  BepTHKajibHOH  h  ropn- 
30HTajibH0H  nojrapH3auHH,  rnwpHHa  njiacTHHbi 
paBHa  ee  juiHHe.  3aTeM  3Ta  BejinnHHa  onTHMH3H- 
pyexcH  #o  50  mm  b  najceTe  FEKO  jv m  mo^jih- 
pOBclHHH  3MB. 


Using  equations  (l)-(4)  the  dimen¬ 
sions  of  the  patch  are  L —5 1.273  mm  and 
W= 6 1 .465  mm.  In  order  to  have  identical 
resonance  frequency  for  the  vertical  and 
horizontal  polarization  the  width  of  the 
patch  is  tl^e  same  as  its  length.  This  value 
is  then  optimized  in  the  EM  simulator 
package  FEKO  to  be  50  mm. 


II.  C.  2  Bxoduou  UMnedciHC 
flj IH  CODiaCOBaHHfl  aHTeHHbl  C  500  JIHHHeii 
nepe/raHH  HeoSxojiHMo  ocymecTBHTb  cjienyio- 
mee: 

-  BbIHHCJIHTb  LUHpHHy  MHKponOJIOCKOBOH  3aiIH- 
TbiBaiomew  jihhhh, 

-  onpe^ejiHTb  bxojihoh  HMnejiaHC  iuiockoh  aH- 
tchhw  Ha  pe30H aH choh  nacToxe, 

-  BbiHHCJiHTb  jyiHHy  3anHTbiBaiomeM  jihhhh  b 
onopHoft  ruiocKOCTH,  rjie  bxojihoh  Beme- 
CTBeHHbin  HMnejiaHC  paBeH  500.  3to  Bbinoji- 
HaeTCH  c  npHBJieqeHHeM  Teopnn  jihhhh  ne- 
penaq; 

-  nonaBMTb  peaKTHBHyio  nacrb  BxojiHoro  HMne- 
jiaHca. 

UJupuHa  MHKponojiocKOBOM  3anMTbiBaiomeH 
jihhhh  onpejiejraeTCH  H3  BbipaxeHHH 


II.  C.  2  Input  impedance 
In  order  to  match  the  antenna  to  the 
500  transmission  line  the  following  steps 
are  needed: 

-  computation  of  the  width  of  the  micro¬ 
strip  feed  line, 

-  determination  of  the  input  impedance 
of  patch  antenna  at  the  resonance 
frequency, 

-  calculation  of  the  length  of  the  feed 
line  at  a  reference  plane  where  the  input 
impedance  has  a  real  part  of 500.  This 
is  done  using  transmission  line  theory, 

-  cancellation  of  the  imaginary  part  of 
the  input  impedance. 

The  width  of  the  microstrip  feed  line 
is  given  by 
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CorjiacHO  (5),  LiiHpRHa  3anHTbiBaiomeH  jihhhh 
paBHa  4,78  mm.  Bxojihoh  HMnenaHc  iuiockoh  aH¬ 
TeHHbl  Ha  pe30HaHCHOH  qacrore  noHTH  BemecTBe- 
HeH  h  paBeH  Z^=320,8  +  / 5, 193  O.  Kax  noxaaaHo 
Ha  pHC.  4,  Ha  paCCTOBHHH  /  OT  aHTeHHbl  MOJieJIb 
jihhhh  nepejxaqn  no3BOjmer  npeo6pa30BaTb  hm- 
nejiaHc  aHTeHHbl. 


Using  (5)  the  width  of  microstrip 
feed  line  is  4.78  mm.  The  input  impedance 
of  the  patch  antenna  at  resonance 
frequency  is  almost  real  and  equals 
Z/=320.8  +  /5.193  O.  At  a  distance  / from 
the  antenna  the  transmission  line  model 
as  illustrated  in  Figure  4  allows  for  trans¬ 
forming  the  antenna  impedance. 


r 

i 


Phc.  4.  CxeMHbiH  3KBHBaJieHT  rmacTHHbi  H  nnraiomeH 


JIHHHH 

Fig.  4.  Network  equivalent  of  the  patch  and  feed  line 


B  onopHoft  njiocKOCTH  (cm.  pHc.  4),  bxoahoh  At  the  reference  plane  (see  Figure 

HMnenaHC  Z.m  paBeH  4)  the  input  impedance  Z„  becomes 
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,  ,  ZA+jZ0 tan(p/) 

Z'"  _Z°  Z0  +j'Z/(tan(p/) 


(6) 


rjre  P  =  2tt/X  -  nocTOBHHan  pacnpocTpaHeHHfl. 
A,  -  juiHHa  bojihbi  b  no^io>KKe.  Z0  -  xapaKTepHC- 
THuecKHM  HMne^anc  jihhhh.  Ha  paccTOHHHH 
49,95  mm  BXOflHOM  HMne^aHC  aHTeHHbi  paBeH 
Z  =50,4  +  /107.37.  (PaKTHuecKaa  juiumnunmi 
nepe/iauH  BbiSpaHa  paBHOH  50  mm.  B  stom  cjiy- 
nae  bxo^hom  HMne^aHC  aHTeHHbi  Ha  paccToa- 
hhm  50  mm  paBeH  Zjn  =  52,26  +  /1 09,30.  PeaKTHB- 
Haa  qacTb  Bxo£Horo  HMne^aHca  no^aBJiaeTCH 
HacTpaHBaeMOH  eMKOCTbio.  Ha  pnc.  5  noxasaHa 
reoMeTpHa  aHTeHHbi  m  pe3yjibTaTbi  MojaejiHpo- 
BaHHJI  BXOflHOrO  OTpa>KeHM5L 


where  P  =  2tc/X  is  the  propagation 
constant.  X  is  the  wavelength  in  the 
substrate.  ZQ  is  the  characteristic 
impedance  of  the  line.  At  a  distance  of 
49.95  mm  the  input  impedance  of  the 
antenna  is  given  by  Z  =50.4  +  /107.37.  The 
actual  length  of  the  feed  line  is  chosen 
to  be  50  mm.  At  a  distance  of  50  mm  the 
input  impedance  of  the  antenna  is  then 
given  by  Zjn  —  52.26  +  /109.30.  The 
imaginary  part  of  input  impedance  is 
cancelled  by  a  tunable  capacitor.  Figure  5 
shows  the  antenna  geometry  and  the 
simulation  results  of  the  input  reflection. 


Phc.  5.  (a)  Pe3yjibTaT  Mo^ejiupoBaHwi  oipaacemia  ot  Bxo^a  aHTeHHbi,  (b)  cemaiaa  reoMeTpmi, 
nojiyneHHaH  b  CHMyjBrrope  FEKO 

Fig.  5.  (a)  The  simulated  input  of  the  antenna,  (b)  the  geometry  after  meshing  in  EM  simulator  FEKO 


AHTeHHa  6buia  pa3pa6oTaHa,  M3roTOBJieHa  h 
H3MepeHa  b  IRCTR.  Ha  pnc.  6  noKa3aHbi  pa3Me- 
pbi  pa3pa6oTaHHOH  aHTeHHbi  c  cornacyiomHMH 
neiuiMH. 

TBxo/moe  oTpaxceHHe,  pa3BH3Ka  Mexcuy  bxo- 
naMH  h  abcomoTHoe  ycmieHHe  CHraajiOB  c  oc- 
HOBHOM  H  OpTOrOHaJIbHOH  nOJIflpH3aUHeH  GbIJIH 
H3MepeHbi  b  6e33xoBoft  KaMepe  win  aHTeHHbix 
H3MepeHHM  DUCAT  (xaMepa  ,fl(eji(})TCKoro  yHH- 
BepcHTeTa  win  aHTeHHbix  H3MepeHHH).  Ha  pnc.  7 
npMBe^eHbi  H3MepeHHoe  BxoflHoe  OTpaxeHHe  h 
K03(f)(j)HLIHeHTbI  CBB3H  £ByX  BXQZJOB. 

EbiJio  nojiyueno  yMepeHHoe  ycHJieHHe  6-7 
aE  (oTHocuTeJibHo  H30TponHoro  H3JiyuaTejui). 
06a  Bxofla  noKa3ajm  aHajiorauHbie  /marpaMMM 
H3JiyueHH3  h  3flecb  He  npHBOflHTca.  O/m H axoBoe 


The  antenna  has  been  designed,  built, 
and  measured  at  IRCTR.  Figure  6  shows 
the  dimensions  of  the  designed  antenna 
with  its  matching  circuit. 

The  input  reflection,  the  isolation  bet¬ 
ween  the  two  ports,  and  the  absolute  gain 
of  the  co-  and  cross-polar  were  measured 
in  the  anechoic  antenna  measurement  room 
called  Delft  University  Chamber  for 
Antenna  Tests  (DUCAT).  Figure  7  shows 
the  measured  input  reflection  and  coupling 
coefficients  of  the  two  ports. 

A  moderate  gain  of  6-7  dBi  is 
measured.  Both  ports  resulted  into  similar 
radiation  patterns  and  it  is  not  shown 
here.  The  same  behaviour  of  the  two  ports 
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flnocKOR  aumenHa  c  deyjm  nojinpmanunMu  dm  Koppemu,uoHHbtx  umepeHuu  ... _ 

noBe^eHne  jmyx  bxo^ob  hcoSxo^hmo  jui a  tou-  is  a  necessity  for  allowing  accurate 
Hbix  H3MepeHHH  KaHajia  b  nojiapH3aiiHOHHOH  06-  channel  measurements  in  the  polarization 
jiacra.  JlHHeftHo-noBflpH30BaHHaB  njiocKan  aH-  domain.  A  linear-polarized  patch  antenna 
TeHHa  wcnojTb3yeTca  b  KanecTBe  nepe^aiomeft.  is  used  as  transmit  antenna.  At  the  receive 
Ha  npweMHOM  KOHije  ocjiaSneHHbiM  cnmaji  side  the  faded  signal  is  received  with  the 
npHHHMaeTCfl  nnocKoft  A^fl.  dual-polarized  patch  antenna. 


■ 

Port  2 


Phc,  6.  Pa3Mepbi  KOHCTpyKUHH  iwockoh  aHTeHHbi  c  jibo^hoh 
noJT5ipH3auneK 

Fig.  6.  The  design  dimension  of  the  dual  polarized  patch  antenna. 
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Frequency  (GHz)  Frequency  (GHz) 

a)  b) 

Phc.  7.  Pe3y/ibTaTbi  H3MepeHHH  oTpaxemw  ot  Bxoaa  h  Koa^HUHeHTa  cbh3h  aByx  bxoaob. 

Fig.  7.  Measurement  results  of  the  input  reflection  and  the  coupling  coefficient  of  the  two  ports. 

ILD  3om  umepeuuu  ILD  Measurement  Area 

M3MepeHHH  npoBOflHJiHCb  Ha  aTaxe  (fraicyjib-  The  measurements  were  carried  out 
Tera  3JieKTpoTexHMKH ,  MaTeMaxH kh  h  HHtfrop-  in  an  office  area  of  the  Faculty  of 
MaTHKH  fleji^TCKoro  yHHBepcHTeTa  TexHoaornn.  Electrical  Engineering,  Mathematics  and 
3a n  HMeii  aociaTouno  MecTa  uto6h  nepe^BH-  Computer  Science  of  Delft  University 
raib  npHeMHbiM  ctchb  no  pa3JiHUHbiM  Mapmpy-  of  Technology.  The  hall  had  enough  space 
TaM.  iiepeaaTMHK  naxoanjica  b  riojibiuou  kom-  to  move  around  the  receiving  stand  using 
naTe.  TaKHM  o6pa30M  6buia  co3aaHa  cHTyanun  different  routes.  The  transmitter  was 
«HenpaMOH  bhbhmocth»,  Koma  H3.rcyneHHbitt  located  in  a  large  room.  In  this  way  we 
cnrHaji  tfocraraeT  npneMHofi  aHTeHHbi  pa3jiHH-  created  a  non-Iine-of-sight  situation, 
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HbiMH  nyTflMH,  nyTeM  pacceaHHB  ot  cieH  h 
o6beKTOB.  3th  Tpaccbi,  xapaKTepH3yiomHeca  cbo- 
MMH  He3aBMCHMbIMH  <J>a3aMH,  cxoabtch  y  aHTen- 
Hbi,  npHBOAH  k  B03HHKHOBeHMio  KaHajia  c  p3Jie- 
eBCKHM  3aMHpaHHeM.  Ha  pwc.  8  noKa3aHa  30Ha, 
me  npOBO^HJiHCb  H3MepeHHH.  IlyTeM  AHHTeJib- 
HblX  H3MepeHHH  H  CJiyHaHHblX  MaplUpyTOB  B  pa3- 
jiHHHbix  HanpaBJieHHBx  mm  nojiyMHJiH  cpe#HHH 
pe3yjibraT  ana  pa3Hbix  cHTyauHH  pacnpocrpaHe- 
HHB.  TaKHM  o6pa30M  H3MepeHH5I  K03(J)$HUHeH- 
Ta  KoppejiBUHH  aojdkhh  ^aTb  o6iuhh  KoatfxJiH- 

UHeHT,  aeHCTBHTeJIbHbIM  AJIfl  BHyTpeHHHX 
noMemeHHH. 


where  the  transmitted  signal  arrives  at 
the  receiving  antenna  via  multi  pie  paths 
scattered  by  surrounding  walls  and  objects. 
These  paths,  all  arriving  with  their  own, 
independent  phases,  sum  up  at  the 
antenna  and  result  in  a  Rayleigh  fading 
channel.  Figure  8  illustrates  the  office  area 
where  the  measurements  have  been 
carried  out.  By  following  long  and  random 
measurement  routes  in  different  direc¬ 
tions  we  averaged  over  different  specific 
propagation  situations.  In  this  way  the 
measured  correlation  coefficient  should 
lead  to  a  general  coefficient,  valid  for 
indoor  environments. 

& 


Phc.  8.  Medo  H3MepeHHH;  cxfwcbi  w  KopHAop 
Fig.  8.  The  measurement  area;  offices  with  corridor 


II.  E  06pa6omica  danubix 

B  KanecTBe  cbipbix  auhhmx  imtfipoBoro  oc- 
UHJijrorpatjja  Bbicrynaji  TeKcroBbin  ASCII  (JiaMJi, 
coaep)KamHH  Bbi6opKH  aMrowryn  KBaAparypHbix 
/-  h  Q-KaHajroB  ju m  AByx  noAApH3aijHM,  T.e.  mm 
nojiyHHJiH  MaTpHuy  a^hhmx  4  KaHanoB  M3  100000 
BbffiopoK.  3Ta  MaTpHua  6buia  HMnopTHpoBaHa  b 
Matlab,  a  3aTeM  6mjth  BbinojiHeHbi  cjieayiomHe 

3Tanbl  06pa60TKH  JX2i HHbIX  H  BbIHHCAeHHfl  KO- 
3$4>MUHeHTa  KoppeAnuHH  ornbaiomeM. 

1.  CMemeHHe  no  nocTOAHHOMy  TOKy  6hjio 
He3aBHCHM0  y^aneHO  H3  Bcex  uerbipex  KBajpa- 
TypHbix  KaHanoB,  nyTeM  BbiHHTaHHH  cooTBeT- 
cTByiomHx  BejiHUHH.  OrH6aioiUHe  cHTHajia  r.{  h 
rjV  me  i  cooTBeTCTByeT  HOMepy  BbffiopKH,  pac- 
CHHTblBaJIHCb  KaK  KBaApUTHbIM  KOpeHb  CyMMbI 
KBaApaTOB  I.  H  Q. 


II.E  Data  Processing 

The  raw  data  acquired  from  the  digital 
oscilloscope  was  an  ASCII  text  file 
containing  the  sampled  signal  amplitudes 
of  the  I  and  Q  channels  of  the  two 
branches,  i.e.  we  obtained  a  matrix  of  4 
channels  by  100000  samples.  The  matrix 
was  loaded  in  Matlab  and  the  following 
processing  steps  were  performed  for  data 
processing  and  calculation  of  the  envelope 
correlation  coefficient. 

1 .  The  DC  offsets  were  independently 
removed  from  all  four  /  and  Q  channels 
by  subtracting  the  corresponding  means. 
The  signal  envelopes  rn  and  r.v  where  i 
refers  to  the  sample  number,  were 
calculated  by  taking  the  square  root  of 
the  sum  of  I.  squared  and  Q.  squared,  as 


(7) 
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2.  HojirocpOHHbie  norepn  Ha  Tpacce  h  3are- 
HeHwe  npHBOZWT  k  KpynH0Macurra6H0My  3aMHpa- 
hhk),  k  KOTopoMy  .noSaBjiaeTca  MejiKOMacniTaG- 
Hoe,  Bbi3BaHHoe  MHorojiyqeBOCTbio.  TaKoe  Kpyn- 
HOMacuiraSHoe  3aMHpaHHe  Heo6xo,aHMO  yaajiHTb. 
Ocymecmimerca  sto  nyreM  HopMHpoBaHHa  HByx 
oraGaiomux  cKOJib3«mwM  cpeaHHM  Ha  6  jym Hax 
BOJIH,  HTO  B  HanieH  H3MepHT&JlbHOH  KOMnaHHH  CO- 
oTBercTByer  oKHy  ycpenHeraui  no  200  BbifiopxaM, 
Koxopoe  oObinHo  Hcnojib3yercH  Ha  npaKTHKe.  Flo- 
ao6Hoe,  t.h.  JioKa^bHoe  «yaajieHMe  cpeaHero»  6buio 
peariH30BaH0  cjieayromHM  o6pa30M: 

a.  ana  icaacaoro  oKHa  onpe/rejumocb  cpezmee 
aOcojnoTHOM  aMnjiHTyabi; 

b.  cpeaHne  3HaqeHHH  Bcex  okoh  HHTepnojiM- 
poBanHCb  MeToaoM  KyOHnecKHX  cmiaMHOB; 

c.  orw6aioinHe  cwmajia  HOpMHpoBanncb  nyreM 
aejieHHH  hx  Ha  cooTBeTCTByiomHe  3HaqeHHfl 
HHTepnoJiHpOBaHHbix  cpeaHHX. 

3<jxj)eKT  «yaaaeHHe  cpe/mero»  moxho  BrweTb, 
epaBHHBOH  pHc.  9a  h  9b. 

OKOHMaTeJIbHO  K03(J)4>HUHeHT  KOppeJIHUHH 
ornOaioineH  pe  paccqHTbreajica  kslk 


2.  Long-term  path  loss  and  shadowing 
causes  large-scale  fading  on  which  small- 
scale  fading, caused  by  multi  path, is  super¬ 
imposed.  This  large-scale  fading  has  to 
be  removed  in  the  diversity  computations. 
This  is  done  by  normalizing  the  two  signal 
envelopes  with  a  moving  average  over  6 
wavelengths,  which  corresponds  in  our  mea¬ 
surement  campaign  with  an  averaging  win¬ 
dow  over  200  samples.  This  is  the  commonly 
used  length.  This,  so  called,  local  «de- 
meaning»  was  implemented  as  follows: 
a  the  mean  of  the  absolute  amplitude 
was  taken  for  each  window; 

b.  the  means  of  all  windows  were 
interpolated  using  the  cubic  spline 
method; 

c.  the  signal  envelopes  were  normalized 
by  dividing  them  by  the  corresponding 
interpolated  means. 

The  effect  of  this  «de-meaning»  can  be 
seen  by  comparing  Figure  9  (a)  and  (b). 

Finally  the  envelope  correlation  coef¬ 
ficient  p  was  calculated  as 

r  e 
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HapHC.  10  noKa3aHbi  CHmanbi,  ojmoBpeMeHHO 
npHHHMaeMbie  Ha  jxb yx  Bxoaax.  Moxcho  cjrejiarb 
BbIBOfl  O  TOM,  4TO  3TH  CHFHajTbl  He33BHCHMbI,  a  no- 
JWpH3aUHOHHbIH  pa3HOC  MO)KeT  npHBeCTH  K 
yjiyqmeHHio  xaqecTBa  jihhhh  cbh3h.  Pe3yjibTaTbi 
M3MepeHHtf  noKa3ajiH,  hto  npHHHTbie  Ha  /myx  no- 
jiHpH3aijHax  cHTHajibi  He  o6jia#aiOT  KaKon-jinfio 
cymecTBeHHOM  KoppejmuneH  no  ornbaiomeM  b  pa- 
jieeBCKOM  KaHarre  c  3aTyxaHHeM  BHyrpn  noMeme- 
HMft.  3HaqeHHe  KoppejiaunH  orn6aiomeM  6bUio 
MeHbme  0,1. 


Figure  10  shows  the  simultaneously 
received  signal  strength  of  the  two  ports. 
It  can  be  concluded  that  signals  are  inde¬ 
pendent  and  polarization  diversity  can 
enhance  the  quality  of  the  communication 
link.  The  measurement  results  have  shown 
that  the  received  signals  at  two  polariza¬ 
tions  have  no  significant  envelope  corre¬ 
lation  in  an  indoor  Rayleigh  fading 
channel.  The  value  of  envelope  correlation 
was  lower  than  0.1. 


III.  BblBOAbl 


III.  Conclusions 


C  noMombio  rwocKoii  aHTeHHbi  c  abohhoh 
no;iHpH3auHeft  6mjih  HanaeHbi  KoatJxjmuHeHTbi 
KOppejumHH  ornfiaiomwx  cHmajioB  c  ropH30H- 
TajibHoii  h  BepTHKajibHon  nojinpH3auHen.  Orcio,aa 
aieayer,  hto  CHTHajibi  npMHaibie  ruiocKon  Afln 
npH  pacnpocTpaHeHHH  BHe  npflMofi  bhjihmocth 
BHyrpH  noMemeHHn  He  HMeioT  hhkbkoh  cyme- 
CTBeHHOM  KOppeJIBUHH  omfiaiOmHX.  rioJl^pH3aUM- 
OHHblH  pa3HOC  MOJKeT  HenOCpeflCTBeHO  BJIHHTb 
Ha  KaqecTBo  jihhhh  cbh3h. 


The  envelope  correlation  coefficients 
between  horizontal  and  vertical  polarization 
have  been  determined  using  a  dual  polarized 
patch  antenna.  We  conclude  that  the 
received  signals  of  the  dual-polarized  patch 
antenna  in  an  indoor  non- line- of-sight 
propagation  scenario  have  no  significant 
envelope  correlation.  Polarization  diversity 
can  have  direct  effect  on  the  quality  of  the 
communication  link. 
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a)  b) 

Phc.  9.  (a)  IIpuMep  H3MepeHH0H  hhtchchbhocth  cnniajia  b  cwhom  H3  npneMHbix  KaHanoB. 
(b)  CnrHaji  c  y^ajieHHbiM  cpeflHHM  3HaMeHneM 

Fig.  9.  (a)  Example  of  measured  signal  strength  of  one  of  receive  branch,  (b)  De-meaned  signal. 


Phc.  10.  H3MepeHHaa  HHTeHCHBHocTb  cHraarca  %Byx  noji5ipn3auHOHHbix 
KananoB 

Fig.  10.  Measured  signal  strength  of  the  two  polarization  branches 
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npoeodumcM  nocmpoemie  Mcimpunbi  paccesmun  dm 
odbeKmoe  paduoAoicanuu,  obnadaroipux  HejiimeunuMU 
ceoiicmeaMit  npu  ompaotcenuu  om  hux  paduoeoAH. 


Construction  of  backscattering  matrix  of 
radar  objects  having  non-linear  radiowave 
scattering  properties  is  performed 


Oahoh  H3  aKTyaribHbix  3£man  coBpeMeHHoft 
paZIHOJIOKaUHH  ABAfleTCH  nOMCK  CpeACTB  3(})4>eK- 
THBHOIX)  o6Hapy>KeHHB  MaJ10nQHBH>KHblX,  OiaGOKOH- 
TpacTHbix  uejieM  Ha  <J)OHe  MomHoro  oTpaaceHHH  or 
noAcmJiaiomHx  noKpoBOB.  K  AocraTOHHo  3tjxJ)eK- 
THBHbiM  Mero^aM  ynyHHieHHH  ofSHapyxteHHA  cJieay- 
eT  oTHecTH  nojinpM3auHOHHbie  MeroAbi  [5]  h  hc- 
nojib30BaHMe  ameHH  c  cnHTC3HpoBaHHOH  aneprypoH. 

PeineHHK)  yxa3aHHoft  szjxami  cnoco6cTByeT 
pa3BHTHe  HejiMHewHOH  panHQJiOKauHH.  B  3Tom  cnyuae 
HACT  penb  O  paAHOAOKaiJHOHHblX  ucaax,  orpaaceH- 
Hblft  cumajl  OT  KOTOpbIX  COAep>KHT  HaCTOTbl,  KpaT- 
Hbie  no  oTHomeHHio  k  Macrore  30HAMpyiomero  cwr- 
Hana  -  2/^,  3 fQ  h  ta-  TaKHMM  cBoftcrBaMH  oGaanaioT 
o6beicrbi,  HMeiomne  pxcaBUHHy,  Tpymnecfl  aneMembi, 
KOHraicrbi,  a  xaioKe  noAynpoBOAHHKOBbie  npH6opbi, 
BXOABlUHe  B  COCTaB  paAHOOJieKTpOHHbIX  CpeACTB 
[1,7].  IlpweM  orpaxceHHoro  cnrHaAa  Ha  rapMOHH- 
Kax  30HAHpyiomero  cwrHajia  AaeT  B03MOXHocTb 
HcnoAb30BaTb  HeAHHeftHbie  paAHOJi okauhoh  Hbie 
craHUHH  aha  oSHapyxceHHB  oSbcktob,  o6jiaAaiomHx 
HeJIHHeHHbIMH  CBOHCTBaMH. 

npHMepaMH  HejiHHewHbix  npoueccoB  abjiaiotca: 
3(})(j)eKTbl  HeJIHHeMHOH  paAHOAOKanHH  [1,3],  He¬ 
AHHeftHbie  ABAeHHA,  B03HHKai0IHHe  npH  B03- 
AeftcTBHH  Ha  HOHoctJ>epy  H3AyueHHfl  [2]  hah  npo- 
TeKaiomHe  npH  pacnpocTpaHeHHH  paAHOBOAH 
(npexcAe  Bcero  AK)KceM6yprcKO-ropbKOBCKHft  3<J)- 
cj)eKT  [4]).  OmeTHM,  uto  nouTH  Bee  HeAHHeftHbie 
3<txj)eKTbi  npH  pacnpocTpaHeHHH  paAHOBOAH  co- 
3AaeT  HOHoc4>epa. 

KaK  noKa3biBaiOT  aiccnepHMeHTaAbHbie  hc- 
CAeAOBaHHA,  b  pane  cAynaeB  npn  orpaxeHHH 


One  of  the  actual  problems  of  modem 
radar  is  to  find  effective  detection  means 
for  slow-moving  low-contrast  targets 
against  strong  background  clutter. 
Polarization  methods  [5]  and  antennas 
with  synthetic  aperture  are  rather 
effective  methods  of  improving  targets 
detection. 

Advance  in  non-linear  radar  contri¬ 
butes  to  solving  the  problem.  In  this  case 
we  have  targets,  which  scattering  signal 
includes  such  multiple  frequences  relatively 
to  sounding  signal  frequency  as  2 fQ,  3/J,  and 
so  on.  Objects  with  rust,  friction  elements, 
contacts  and  semiconductors  as  parts  of 
electronic  devices,  possess  non-linear 
properties  [1,  7].  Reception  of  the 
scattered  signal  at  harmonics  of  the 
sounding  signal  allows  to  use  non-linear 
radars  to  detect  objects  with  non-linear 
scattering  properties. 

Examples  of  the  non-linear  processes 
are  effects  of  non-linear  radar  [1,  3];  non¬ 
linear  phenomena  originating  from 
impact  of  radiation  on  ionosphere  [2]  or 
having  place  in  wave  propagation  (Luxem¬ 
burg  effect  [4]).  Let  us  note  that  neady  all 
non-linear  effects  accompanying  wave 
propagation  are  created  by  ionosphere. 

Experiments  show,  that  sometimes 
so-called  non-linear  scattering  occurs 
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3iieKTpOMarHHTHbIX  BOJIH  OT  UeJieH  B03HHKaeT, 
TaK  Ha3biBaeMoe,  HejiHHeiiHoe  pacceHHHe,  Koma 
CBH3b  Me>Kay  Er  h  E.  y»ce  He  Moxer  6biTb  npea- 
cTaBJieHa  b  H3bccthom  bhuc,  TaK  KaK  cneKTp  ot- 
pa^KeHHOH  BOJIHbl  OTJIHHaeTCH  OT  COOTBeTCTBy- 
lomero  cneKTpa  naflaiomen,  npe)Kae  Bcero, 
HaJIHHHeM  /lOnOJIHHTeJIbHblX  COCTaBJIHIOmHX.  3to 
CBHaeTejibCTByeT  o  tom,  hto  kom noHeHTbi  oTpa- 
5KeHHoft  BOJiHbi  nojiynaioTCH  nyreM  HeKOToporo 
HejiHHeHHoro  npeo6pa30BaHHH  KOMnoHeHTOB  na- 
naiomeH  bojihm. 

B  nocjiejiHHe  rojibi  noHBHJiocb  jiocTaTOMHO 
mhoto  nySjiHKauHH,  nocBHineHHbix  oTpaaceHHio 
pa^HOBOJiH  ot  yKa3aHHbix  Bbirne  o6beKTOB.  O/i- 
HaKO  B  CTOpOHe  OCTaiOTCH  Bonpocbl,  CB5I3aHHbie 
C  B03MOXHOCTbK>  HCII0JIb30BaHHH  MeTOJIOB  pa- 
HHonojiflpHMeTpHH  ju ih  pemeHHH  paaHOJiOKauH- 
OHHbix  33jxm  npH  HejiHHeHHOM  pacceHHHH.  Ecre- 
CTBeHHO,  MTO  npH  HeJIHHCHHOH  pajlHOJIOKaUHH 
KJiaccHuecKan  MaTpnua  pacceHHHH  yace  He  mo- 
xeT  BbiciynaTb  xapaicrepHCTHKoft  paccenHHoro 
tiojih.  B  3tom  cbh3h  B03HHKaeT  3ajjaua  no  nocTpo- 
eHHio  MaTpHUbi  pacceHHHH  juih  c/iynaH  HejiHHeft- 
hoto  pacceHHHH. 

PaccMOTpHM  BapnaHT  npeo6pa30BaHHH  no- 
jiHpH3aiiHOHHoro  6a3Hca  juih  6e3bmepuHOHHbix 
pacceHBaTejieH,  Korjia  HejiHHenHOCTb  onncbiBa- 
eTCH  3aBHCHMOCTblO 


when  a  target  reflects  electromagnetic 
waves.  In  the  case  of  non-linear  scattering 
relation  between  Er  and  Ei  can  not  be 
presented  in  known  form,  because  the 
spectra  of  the  instant  and  scattered  waves 
differ,  mainly  because  of  additional 
frequencies.  It  shows  that  components  of 
the  reflected  wave  are  the  result  of  non¬ 
linear  transformation  of  the  incident 
wave. 

In  the  last  years  there  were  many 
publications  discussing  wave  scattering  by 
the  objects  mentioned  above.  However, 
the  questions  of  using  polarimetry 
methods  to  solve  radar  problems  in  the 
case  of  non-linear  scattering  are  aside.  It 
is  reasonable  that  classical  backscattering 
matrix  can  not  fully  characterize  the 
scattering  field.  So,  there  appears  the 
problem  to  construct  the  scattering  matrix 
for  non-linear  scattering  case. 


Let  us  consider  polarization  basis 
transformation  of  inertialess  scatterers 
with  non-linearity  described  as  follows 


(1) 


TpeSyeTCH  onpeaeJiHTb  peaKUHio  tbkhx  pac¬ 
ceHBaTejieH  b  cjiyuae,  Kor.ua  natfaioman  Bojma 
HBJTHeTCH  SJUIHiroweCKH  IT0JIHpH30BaHH0H,  HTO 
cooTBeTCTByeT  HanSojiee  o6men  CHTyaunn 


It  is  necessary  to  find  responce  of 
such  scatterers  in  the  case  of  elliptically 
polarized  incident  wave  that  corresponds 
the  most  general  case 


e=(ex,eJ. 


OrpaHHMHMCH  cjiynaeM,  Korjia  Bee  Am ,  KpoMe  Av 
paBHbi  Hyjno. 

Hjih  HccjiejiyeMbix  pacceHBaTejiefl,  npeacae 
Bcero,  hjokho  HaftTH  cooTBeTCTByiomyio  <})opMy 
npeo6pa30BaHHH  KOMnoHeHT  naaaiomefi  bojihm. 
HcKOMoe  npeo6pa30BaHHe  uoji>kho  6biTb  hhbu- 
pnaHTHO  K  pa3JIHHHbIM  npejtCTaBJieHHHM  KOMn- 
jieKCHoro  Beicropa,  onncbiBaioiuero  najiaiomyio 
BOJiHy,  T.e.  ero  $opMa  (ho  He  K034)(J)HUHeHTbi!) 
JIOJIXHa  OCTaBaTbCH  HeH3MeHH0H . 

HeTpyuHo  yriejiHTbCH,  mto  o6iuhh  bhji  TaKoro 
npeo6pa30BaHHH  aojiaceH  3anncbiBaTbCH  cjieay- 
KHUHM  o6pa30M 


Let  us  consider  only  the  case  when  all 
Am  except  A1  are  equal  to  zero. 

First,  we  should  find  corresponding 
transformation  form  of  the  incidend  wave 
components  .  The  desired  transformation 
must  be  invariant  to  different  presentation 
of  the  complex  vector,  which  describes 
the  incident  wave.  It  means  that  its  form 
(but  not  coefficients!)  should  be  perma¬ 
nent. 

It  is  easy  to  show  that  the  general 
form  of  such  transformation  is  written 
as  follows 
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!loAXpU3anuoHHbie  3(p(peKmbt  npu  Hejiunemou  paduo/iofcaituu 
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or  ill  the  matrix  form 


f 
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a\2  a2\ 
b\  2  b2\ 


'22 


;22y 


KK,  ZZ> 


(2) 


(3) 


PaBeHcrao  (3)  3anHweM  b  KOMruieKCHoid  cjiop-  Let  us  write  (3)  in  the  complex  form 


Me 


Er=A2Ei2) 


(4) 


CMbicji  BBeAeHHbix  o6o3HaneHHH  oueBHaeH. 
Hraic,  wn  onHcaHHH  paccenBaiomHX  cbomctb 
HejiHHewHoro  «mhcto  KBaaparHoro»  pacceHBaie- 
jth  b  o6meM  cjiyuae  TpebyeTca  8  KOMruieKCHbix 
Huceji,  T.e.  16  aeftcTBHTejibHbix.  3th  uncjia  o6pa- 
3yiOT  npRMoyeojibHyto  Mampuny  pa3MepoM  4x2. 
EcTecTBeHHO,  hto  b  3T0M  cjiyuae  no a  Ex  h  Ey 
Haao  noHHMaTb  He  aeKapTOBbie  npoeKUHH,  a  He- 
KOTopbie  HHbie  npoeKUHH,  cooxBeTCTByiomHe 
Bbi6paHHOMy  nojnipH3auHOHHOMy  6a3Hcy.  B 
pa3JIH4HbIX  6a3HCaX  6yayT  pa3aHHHbIMH  H  3Jie~ 
MeHTbl  MarpHUbl  Ar  PaCCMOTpHM  KaK  OHM  6yayT 
H3MeHHTbCH  npH  BapbHpOBaHHH  nOJlHpH3aUHOH- 
hoto  6a3Hca. 

CTapbie  komti  oh eHTbi  3JieicrpHHecKoro  Beicro- 
pa  E^Xc)  6yayT  CBB3aHbI  C  HOBbIMH  E(2h)  nPM 
noMomn  jiHHeHHoro  npeo6pa30BaHHa  [8] 


The  essence  of  introduced  designa¬ 
tions  is  clear.  So,  there  are  needed  8 
complex  numbers  in  the  general  case,  i.e. 
16  real  numbers,  to  describe  scattering 
properties  of  non-linear  «purely  square» 
scattered  These  numbers  fonn  rectangular 
4x2  matrix.  Naturally,  projections  Ex  and 
E  are  considered  here  as  not  Cartesian 
but  some  other  ones,  which  correspond 
the  chosen  polarization  basis.  The  elements 
of  the  matrix  A1  will  be  different  in 
different  bases.  Let  us  investigate  how 
they  change  under  the  polarization  basis 
changing. 

Old  components  of  the  electric 
vector  E(Zc)  are  connected  with  new 
E(xh)  by  linear  transformation  [8] 


£(Xc)  -  Q{Xc’Xh)^h>  ^ 

rae  Q(XoZh)  “  yHHTapHaa  MaTpmxa.  where  Q(Zc’Zh)  is  unitary  matrix. 

Direct  calculations  give 


npBMbie  BbiHHCJieHHU  aaiOT  caeayiomee  co 
OTHomeHHe: 


E(2)  (Xo  )  “  Q{2)  (Xo  5  Xn  )  £(2)  (Xv  )  ’ 


(6) 


rae  [9] 

Q(2)  {Xc’Xh  )  - 

where  [9] 

f  e2'n  cos2  y 

0,5<?2i(n+6)sin2y 

0,5e2'(n+6)sin2y 

c2'^+25>sinY 

2  an 

-0,5e-2'5sin  2y 

cos2y 

-sin2  y 

0,5e2,6sin  2y 

-e  p 

-0, 5<T2'8  sin  2y 

-sin2  y 

cos2  y 

0, 5e2'8  sin  2y 

^  e-2/(n+28)  sjn2  y 

-0, 5e"2,(T|+s)  sin  2y 

-0, 5e~2,(n+5)  sin  2y 

e~2‘n  cos2  y  j 
(7) 

npH  3tom  r|,  y,8  -  HeKOTopbie  napaMeTpbi,  xa- 

In  this  case  parameters  r],y,5  are  some 

3HC  [8]. 


basis  [8]. 
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Henocpe/icTBenHOM  npoBepKOH  mohcho  y6e-  Direct  verification  gives  that  matrix 
ujiTbCH,  HTO  MarpHua  Q(2)  (Xc>Xh  )  TaioKe  HBiraer-  Q(2)  ( Xc’Xh  )  is  also  unitary  one,  since 
Cfl  yHHTapHOH,  T.K. 

0(2)  (Xc  ’  Xh  )  0(2)  (-Xc  ’Xff)  =  f 

TaKHM  o6pa30M,  npn  H3MeHeHHH  nojrapH3a-  So,  while  changing  the  polarization 
UHOHHoro  6a3Hca  MaTpHua-CTOJi6en  H3  KBa^pa-  basis  one  should  multiply  the  matrix- 
THHHfcix  ojieMeHTOB  flOJDKHa  6biTb  yMHoaceHa  Ha  column  of  quadratic  elements  by  the 
yHHTapHyio  Marpuity  Q{2)(xc,Xh),  KOTopaa  unitary  matrix  Q(2)  {Xc’XH),  which  coin- 
npn  npeo6pa30BaHHH  coBna^aer  c  KOBapHaun-  cide  with  the  covariance  matrix  in  the  case 
ohhoh  MaTpHuefi  npH  JiHHefiHOM  pacceHHHH.  of  linear  scattering. 

.Hjih  Toro,  MToSbi  BbwcHHTb,  KaK  H3MeHaeTC5i  In  order  to  find  out  how  the  matrix 
waTpuua  A2  npH  cMeHe  nojiapnaauHOHHoro  6a3H-  A2  changes  when  the  polarization  basis 
ca,  hpkho  b  paBeHCTBo  (4)  noflCTaBHTb  cootho-  is  changed,  one  should  put  (5)  and  (6) 
ineHHH  (5)  h  (6),  a  b  KanecrBe  ero  npaBOH  uacm  jn  (4),  and  then  take  the  complex - 
B3«Tb  KOMnjieKCHO-conpjDKeHHyio  BejiHHHHy  conjugate  value  as  the  right  part 

K  (x* )  =  QT  (xN >Xo)a 2  (Xo ) 0(2)  (Xo>  X N ) E{l)  (xN )•  (8) 

TaKHM  o6pa30M,  npn  H3MeHeHHH  nojinpH3a-  Thus,  when  the  polarization  basis  is 
HHOHHoro  6a3Hca  MarpHLja  A2  noABepraeTca  cjie-  changed,  the  matrix  A2  is  transformed 
nyiomeMy  npeo6pa30BaHHio  in  the  following  way 

A  {xN )  =  Qr  , Xo )  A2  (x0 ) 0(2)  (Xo’X n),  (9) 

npH  3TOM  Q(xc,Zh)  h  0(2)  {Xc>Xh)  flBJimoTCJi  where  Q (Xc>Xh)  and  0(2) (Xc>Xn)  are 
yHHTapHbiMH  MaTpHuaMH.  unitary  matrices. 

Toro,  HTofibi  oueHHTb  MomHocTb  pacce-  In  order  to  estimate  power  of  the 
hhhoh  ofipaTHOH  BOJiHbi,  Heofixo^HMo  Bbinoji-  backscattering  wave,  it  is  neccessary  to 
HHTb  onepauHK)  Er  +  Er* :  find  Er  +  Er* 

P-E  +  E  —  (%n,Xo)^2  {Xo)Q(2)  {Xo’Xn)E(2) (Xv)]  x 

x  [0*  (xN  >Xo)4(Xo)  02  (x0>  Xn  ) £l2  (Xn  )]  =  (1 1°) 

—  E(2)  (Xn)Q{2)  (Xo’Xn)  -^2  (Xo)  A2  (Xo)02  (Xo’Xjv)-^(  2)  (Xjv)‘ 

BBe^eM  o6o3HaneHHe  Let  us  introduce  the  notation 

^(2)  (Xo)  =  ^2  (Xo)^2  (Xo)  *  (H) 

3flecbMaTpHuaG(2)(jc)-3T0KBaflpaTHafl3p-  Here  matrix  G{2)(xc)  is  the  square 
MHTOBaH  Maipuua  paaMepoM  4x4,  npeflcxaBJiH-  Hermitian  4x4  matrix  presenting  the 
lomaa  co6oh  MaTpHny  TpenBca.  Graves  matrix 

Kax  BHAHO  H3  paBeHCTBa  (11),  flamaa  wax-  ^  is  seen  from  (u)>  the  given  matrix 
ptma  npn  HSMeneHHH  noaaptmuHOHHoro  6a-  is  transformed  by  similarity  transforma- 
3Hca  noflBepraexcH  npeoGpaaoBaHmo  nono6m  tion  under  poIarization  basis  changing 

^’(2) (Xo)  =  02  (XodN)G{2) (Xo)0(2) (Xo>Xa') •  02) 

PaBeHCTBo  (3)  no3BOJiaeT  narb  peKOMenna-  The  equality  (3)  allows  to  give  advice 
Uhh  no  3KcnepHMeHTajibH0My  onpe^ejieHHio  how  the  scatterer  parameters  (elements 
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napaMerpoB  pacceMBarejia  -  sjieMeHTOB  MaT- 
pMUbl  Ar  3TOrO  Heo6xOflHMO  npOBeCTH  H3- 
MepeHHB  Ha  uerbipex  nojinpimuHHX  obnyuaio- 
meii  BOJiHbi,  HanpHMep,  ropH30HTajibHOH , 
BcpTHKOJibHOM ,  jiHHeftHOH  noa  yTJTOM  45°  H  Kpy- 

TOBOH,  COOTBeTCTBeHHO: 


of  the  matrix  A2)  can  be  estimated 
experimentally.  Measurements  should  be 
done  for  4  polarization  types  of  the 
incident  wave,  for  example,  horizontal, 
vertical,  45°  rotated  linear  and  circular, 
correspondingly 


E[={\  0); 


E\  =  (0  \f  ,  E‘3  =  0, 5(1  l)7' ,  E‘  =  0, 5V2  (1  if  . 


Under  radiating  the  waves  above,  ampli¬ 
tude  and  phase  of  the  scattered  wave  allow 
unambiguously  determine  elements  amn, 
b  of  the  matrix  matrix  Ar 

mti  1 

When  all  values  m  *  0  in  (1),  we  get 

<l3> 

m= 1 

nPH  3tom  moxcho  noKa3aTb,  uto  c  H3MeHeHHeM  It  is  possible  to  show  that  with  changing 
nojiHpM3auHOHHoro  6a3nca  MaTpnubi  Am  Gyayr  the  polarization  basis  matrices  Am  would 
npeo6pa30BbiBaTbca  cne^yiomHM  o6pa30M  be  transfonned  as  follows 


3HaHHe  aMiuiHTynbi  w  cj)a3bi  paccenHHOM  boji- 
hh  npH  objiyueHMH  BOJiHaMM  yxa3aHHbix  rrojin- 
pH3aUHM  Ii03B0JiaeT  0aH03HaUH0  HaXOttHTb  3Jie- 
MeHTbi  amt},  bmn  MaTpHUbi  Ar 

B  cjiyuae,  Koma  b  paBeHCTBe  (1)  Bee  0, 
6yaeM  HMeTb 


N 

(Xv)  =  (Xo’Xv)^/n  (Xo  )£?(/«)  (Xo’Xa7)  ’ 


(14) 


rtte  (xo ,  Xn  )  ”  yHHTapHan  MaTpwua,  KOTopan  where  £?(w)  (Xo »  Xn  )  is  unitary  matrix,  which 

cjjopMHpyeTcn  aHanornuHo  Q(2)  {Xc’Xh)  ‘  is  formed  similarly  to  6(2)  (Xc>Xh  )  • 
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3a  noaiednue  10  Jiem  npou3oiueji  ozpoMHbiu  npo- 
zpecc  e  pa3Gumuu  (pyHdaMeHmcuibHOU  POL-IN-SAR 
meopuu  u  pa3pa6omKU  OAZopumMoe.  3mo  6uno 
docmuznymo  npu  noMomu  6opmoebix  u  xocMimec- 
xux  ruiam(popM  c  MHOzonacmomHUMU  u  mnozope- 
OKUMHbiMu  POL- SAR,  a  maxoxe  POL-IN-SAR  cen- 
copnbix  cucmeM,  cpaenenue  u  oneuxa  xomopux  6y- 
dym  danbi  c  nejibto  onpede/iemisi  nesaeepiueHHbix 
do  nacmomu,ezo  epmenu  muccuu  moMozpatfimec- 
kozo  u  zoAozpatfu necxozo  omodpaotcenuR.  IIocxoAb- 
Ky  (pyuKuuomipoeamie  dopmoeux  ucnbimameAb- 
Hbix  ycmanoeoK  upe36bmamo  dopozo,  caMOAem- 
Hbie  fuampopMbi  He  nodxodnm  dAH  pymuuHozo 
MOHumopuhza,  xomopbiii  Aynuie  ocymecmeAnemcx 
c  noMOUibto  6ecmiAomuux  JIA  (BIIJIA).  Tame  6ec- 
niinomubie  JIA  6buiu  pa3pa6omaHbi  Oar  eoeHHbix  npu- 
MeneHuu,  odnaxo  e  mix  omcymcmeyem  eo3MOMHOcmb 
peoAiisamiu  POL-IN-SAR  mexHOAOzuu.  3mom  ne- 
docmamoK  mmamejibuo  anoAmupyemcsi ,  npu  3tnoM 
denaemcx  eueod  o  HeodxodiiMocmu  npe36bmauHO 
6bicmpoii  pa3pa6omm  mexnoAozuu  POL-IN-SAR 
manKpopMbi  BIIJIA ,  e  ocodenmcmii  dm  Monumo- 
ptmza  imieHenuu  e  oxpyotcaioineu  cpede  c  doAbuiwu 
hucaom  npwiootceHuu,  Mammon  c  Haeodnenuu,  Aec- 
Hbtx  nootcapoe  do  mexmonmecxiix  umeHenuu  (3m- 
Aempncenun,  lueepjfceHun  eyAKame),  c  qeAbio  npe- 
dynpeotcdemin  06  onacnocmu  e  peanbHOM  epeMenu. 
Odnaxo,  dAH  neAeii  ZAoOaAbHOZO  MOHumopunza 
3eMHbtx  noxpoeoe  Gopmoebix  win  BIIJIA  cpedcme 
nedocmamoHMO,  nosmoMy  npeiebmauno  gomho  xax 
momho  OoAee  6bicmpoe  paseumue  mexHOAozuu  xoc - 
Mimecxux  wianupopM  c  mhozo Haem omnuMu  u  mho- 


Very  decisive  progress  was  made  in  advan¬ 
cing  fundamental  POL-IN-SAR  theory  and 
algorithm  development  during  the  past 
decade.  This  was  accomplished  with  the 
aid  of  airborne  &  shuttle  platforms  suppor¬ 
ting  single-to-multi- band  multi-modal  POL- 
SAR  and  also  some  POL-IN-SAR  sensor 
systems,  which  will  be  compared  and 
assessed  with  the  aim  of  establishing  the 
hitherto  not  completed  but  required  missions 
such  as  tomographic  and  holographic 
imaging.  Because  the  operation  of  airborne 
test-beds  is  extremely  expensive,  aircraft 
platforms  are  not  suited  for  routine  monitoring 
missions  which  is  better  accomplished  with 
the  use  drones  or  UAVs.  Such  unmanned 
aerial  vehicles  were  developed  for  defense 
applications,  however  lacking  the  sophisti¬ 
cation  of  implementing  advanced  forefront 
POL-IN-SAR  technology.  This  shortcoming 
will  be  thoroughly  scrutinized  resulting  in 
the  finding  that  we  do  now  need  to  develop 
most  rapidly  POL-IN-SAR  drone-platform 
technology  especially  for  environmental 
stress-change  monitoring  with  a  great 
variance  of  applications  beginning  with 
flood,  bush/forest-fire  to  tectonic-stress 
(earth-quake  to  volcanic  eruptions)  for  real- 
short-time  hazard  mitigation.  However,  for 
routine  global  monitoring  purposes  of  the 
terrestrial  covers  neither  airborne  sensor 
implementation  —  aircraft  and/or  drones 
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eopeotcuMHbiMU  POL-IN-SAR  ceucopubiMu  cucme- 
momu.  Bydem  npoeedeno  cpaenemie  cymecmeyw- 
meu  (ENVISAT)  u  6ydymx  (ALOS-PALSAR, 
RADARSAT-2,  u  TERRAS  AT)  cucmeM,  a  matcvce 
noK03aHO,  nmo  m  amoM  amane  pa3eumux  noAuo- 
cmbfo  nompuMempmecKiie  u  nojixpuMempuHecicue- 
UHmepcpepem^uoHHbte  peatcuMU  pa6ombi  nyotCHO  pac- 
CMampueamb,  kok  npedeapumejibHbie  u  ecnoMoeamejib- 
Hbie  amopumMbi,  a  He  kqk  oCbiHHbie  pewuMbt. 


KAtoneebie  CAoea :  IIoAsipuMempimecKasi  u  unmep- 
(pepoMempmecKax  SAR,  (popMupoeanue  u3o6pa- 
Dfcenuu  6opmo8biMU  u  kocmuhcckumu  SAR,  omo- 
dpaxcenue  u3MeHeuuu  oicpyatcaioineu  cpedbi 


—  are  sufficient;  and  therefore  multi¬ 
modal  and  multi-band  space-borne  POL- 
IN-SAR  space-shuttle  and  satellite  sensor 
technology  needs  to  be  further  advanced 
at  a  much  more  rapid  phase.  The  existing 
ENVISAT  with  the  forthcoming  ALOS- 
PALSAR,  RADARSAT-2,  and  the 
TERRASAT  will  be  compared, 
demonstrating  that  at  this  phase  of 
development  the  fully  polarimetric  and 
polarimetric-interferometric  modes  of 
operation  must  be  viewed  and  treated  as 
preliminary  algorithm  verification  support 
modes  and  at  this  phase  of  development 
are  still  not  to  be  viewed  as  routine  modes. 

Keywords:  Polarimetric  and  Interferometric 
Synthetic  Aperture  Radar,  Airborne  and 
Space-borne  SAR  Imaging,  Environmental 
Stress  Change  Imaging 


1.  BeefleHHe 

PaduoAOKau,uoHHax  nompimempun  u  unmep- 
(pepOMempUH  CTpeMHTeJIbHO  pa3BHBaTOTCfl,  h  sth 
HOBbie  PJ1  TexHOJiormi  peiunrrejibHo  oGhobjih- 
jot  KOHixenuHK)  «<popMupoeaHue  u3o6paarceHUU 
SAR  cucmeMOMU».  B  stom  paGoTe  neJiaeTca  HaGpo- 
cok  nocjieaoBaTejibHbix  aocthxchhh,  Hammafl 
c  (IjyH^aMeHTajibHbix  iiohhthm  h  ocBememm 

OCHOBHbIX  nOJTOXeHHM  3THX  MeTO^OB  jJHCTaHUH- 

OHHoro  30H^iKpoBaHHH.  Ecjih  PJI  nompuMempm 
n03B0JIHeT  H3BJieHb  TOpa3AO  GoJIbUiyiO  HH(J)Op- 
MaiXHK)  O  TOHKOM  CTpyKType  PJ1  TeKCTypbl,  OpH- 
eHTaUHH  H  (J)OpMe  UeJIH,  CHMMeTpHH  H  MaTepH- 
ajie,  neM  oBuhhoa  aMruiumydnan  paduoAOtcayusi, 
to  PJI  UHtneptpepoMempuM  y>xe  MoaceT  uccjieno- 
BaTb  npocrpaHCTBeHHyio  (no  niyGHHe)  crpyx- 
Typy.  IlpH  ' (popMupoeanuu  u3o6paotceHusi  e  nojw- 
puMempmecKou  uHmeptpepoMempmecKou  SAR 
(POL-IN-SAR)'  mohcho  ojiHOBpeMeHHo  H3BJienb 
MH^opMaunio  Kax  o  cTpyxiype,  TaK  h  npocrpaH- 
CTBeHHblX  CBOMCTBaX.  UoR  3THM  nOHHMaeTCH 
(J)OpMMpoBaHHe  ' u,u(pp06bix  Kapm  Mecmnocmu 
(DEM)'  jihGo  no  'nonnocmbw  nompimempmec- 
kum  (Mampui^a  paccemmj  naHHbiM,  jihGo  no 
'daHHbiM  U3o6paotceHUU  mmeprfrepoMempmecKou 
SAR'  C  flOnOJIHHTeJTbHOH  BblTO^OH  ot  o^HOBpe- 
MeHHoro  nojiyneHna  TpexMepHon  'POL-IN- 
DEM  HH^opMauHH.  Hcno;n>30BaHHe  MeTo.ua 
CIUII  POL-IN-SAR  jum  '  uumepfepoMempim  c  ne- 
peKpumueM  modpaotcenuu  npu  noemopnbix  npoxo- 
dax  oGecnenHBaeT  flH(J)(j)epeHUHajribHyK)  oneHKy 

H  H3MepeHMe  (J>OHa  h  B03M0)KH0CTH  MOHHTOpHH- 

ra  3KOJiornnecKHX  H3MeHeHHH  c  h caocthxm  mom 
noKa  TonHocTbio,  npeBpantaacb  b  Heo6xoa:nMbiH 
MHcrpyMeHT  oneHKn  n  KOHTpojw  GnoMaccbi  ruia- 


1.  Introduction 

The  development  of  Radar  Polarimetry 
and  Radar  Interferometry  is  advancing 
rapidly,  and  these  novel  radar  technologies 
are  revamping  « Synthetic  Aperture  Radar 
Imaging »  decisively.  In  this  exposition  the 
successive  advancements  are  sketched  — 
beginning  with  the  fundamental  formu¬ 
lations  and  high-lighting  the  salient  points 
of  these  diverse  remote  sensing  techniques. 
Whereas  with  radar  polarimetry  the  textural 
fine-structure,  target-orientation  and  shape, 
symmetries  and  material  constituents  can 
be  recovered  with  considerable  improve¬ 
ments  above  that  of  standard  'amplitude-only 
Polarization  Rada t3;  with  radar  interferometry 
the  spatial  (in  depth)  structure  can  be 
explored.  In  'Polarimetric-interferometric 
Synthetic  Aperture  Radar  (POL-IN-SAR) 
Imaging  it  is  possible  to  recover  such 
co-registered  textural  plus  spatial  proper¬ 
ties  simultaneously.  This  includes  the 
extraction  of' Digital  Elevation  Maps  (DEM)' 
from  either  'fully  Polarimetric  (scattering 
matrix)'  or  ' Interferometric  (dual  antenna) 
SAR  image  data  takes'  with  the  additional 
benefit  of  obtaining  co-registered  three- 
dimensional  '  POL-IN-DEM  information. 
Extra-Wide-Band  POL-IN-SAR  Imaging 
—  when  applied  to  'Repeat- Pass  Image 
Overlay  Interferometry'  -  provides  differen¬ 
tial  background  validation  and  measure¬ 
ment,  stress  assessment,  and  environmental 
stress-change  monitoring  capabilities  with 
hitherto  unattained  accuracy,  which  are 
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HeTbl  H  3a6oJIOHeHHbIX  TeppHTOpHH.  CoBceM  He- 
Hobho,  npHMeHeHHe  MeTo^a  EWB-POL-D(RP)- 
IN-SAR  c  MHoroKpaTHbiM  napajuiejibHbiM  no- 
BTopHHM  npoxo^OM  no  TpaccaM,  pa3HeceHHbiM 
no  Bbicore  hjih  no  ropH30HxajiH,  npMBeno  k  no- 
HBJICHHK)  MeTOfla  '  ToMOZpatfweCKOZO  (MyAbmU- 
unmepfpepoMempmecKoeo)  nompimempmecKozo 
SAR  cmepeo-omodpaotcemm ’,  o6jiaAaiomero  B03- 

MOatHOCTflMM  30HAHp0BaHHfl  CKB03b  JIHCTBy  H 

Brjiy6b  noBepxHocm.  KpoMe  Toro,  Be^yrcB  hc- 
cjieaoBaHHH  pa3jinqHbix  HanpaBJieHHH,  (i)  ot- 
KpbiBaiomnx  HOBbie  h  3amnmaiomHX  cymecTBy- 
ioijumx  cneicrpajibHbie  oKHa "  ecmecmeeuHOZO  oack- 
mpoMazHumuoeo  cneicmpa  (NES)"  npnroAHbie  jum 
ilHCTaHUHOHHoro  30HAHp0BaHHH;  h  (ii)  HanpaB- 
jieHHbix  Ha  cHHxeHne  oSbiHHbix  "PH  noMex 
(RFI)"  h  npe^nojiaraeMoro  " nanpaeAennozo  ZAy- 
wenuM  6opmoeboc  u  kocmuhcckux  POL-IN-SAR 
naanKpopM". 

2.  HCTOpHH  pa3BHTHe  PJI  nOJIJipHMeTpHH  H 

HlITCp(J)epOMCTpHM 

nOJIHpHMeTpHH  CBH3aHa  C  BeKTOpHOH  IlpH- 
pOAOft  n0J!BpH30BaHHbIX  (BeKTOpHblx)  3JieKTpO- 
MarHHTHblX  BOJIH  BO  BCeM  CneKTpe  OT  KpaHHHX 
HH3KHX  HaCTOT  (KHM)  AO  BbICOKHX  yjIbTpa  4>H- 
ojieTOBbix  nacTOT  (BYOM).  TaM  rut  nponcxoAflT 
pe3Kne  hjih  nocTeneHHbie  H3MeHeHH«  HHAexca 
npejiOMJieHHfl  (hjih  AHOAeKTpHHecKOH  nocTOHH- 
HO  ft,  MaTHHTHOft  npOHHUaeMOCTH  H  npOBOAHMO- 
cth),  nojiflpH3anHOHHoe  cocTOHHne  y3Konojioc- 
Hoft  (ojiHOHacTOTHoft)  BOJiHbi  npeo6pa3yeTcn, 
H  3JieKTpoMarHHTHaa  "eeKmopnan  eoRna  Aenojia- 
pH3yeTCH.  Koma  BOjrna  npoxoAHT  CKB03b  cpeAy  c 
H3MeHHK>mHMCfl  HHAeKCOM  IipeJIOMJieHHfl  HJIH 
o6jiynaeT  PJI  nejib  h/hjih  noACTOJiaiomyio  noBep- 
XHocTb,  a  3aTeM  OTpaxcaeTca;  to  b  cjiynae  'ynpae- 
Aeausi  noAApu3aipieii  mojkho  oueHHTb  oTpaxcae- 
MOCTb,  4>opMy  h  opHeHxauHio  OTpaxajomero  Tejia. 
BpeMeHHbie  (JyiyicryauHH  Beicropa  ajieiopHHecKo- 
ro  nojiH,  b  o6meM  cjiynae  onncbiBaiomeM  sjuihiic 
b  iuiockocth,  nepneHAHKyJiBpHoft  pacnpocrpa- 
HeHHio,  nrpaioT  cymecTBeHHyio  pojib  bo  B3awM0- 
neftcTBHH  SAeKmpoMazHumHbix  'eefcmopHbtx  bojih  c 
MaTepnajibHbiMH  xejiaMH  h  cpeAoft  pacnpocrpa- 
HeHHB.  Ecjih  xaxoe  noBeAeHHe  noJwpH3aiiHH  b  Tep- 
MHHax  " noASipmanuomozo  3AAunca"  b  onraKe  Ha- 
3biBaercH  "  OAnuncoMempueu ;  to  b  pajmojioKanMH, 
jmAapHbix/jiajiapHbix  npnjioxceHHax  h  cncreMax 
SAR  3to  Ha3MBaercB  "noAnpimempueu  -  ot  ApeB- 
HerpenecKoro  noHHTHH  ”H3MepaiomHH  opuenmaupto 
u  (popMy  oGbe/cma".  TaKHM  o6pa30M,  ajumncoMeT- 
pHH  h  noJwpHMerpHfl  HMeior  acjio  c  ynpaajieHHeM 


essential  tools  for  improved  global  biomass 
estimation  and  also  for  wetland 
assessment  and  monitoring.  More  recently, 
by  applying  multiple  parallel  repeat-pass 
EWB-POL-D(RP)-IN-SAR  imaging 
along  stacked  (altitudinal)  or  displaced 
(horizontal)  flight-lines  will  result  in 
1  Tomographic  (Multi-Interferometric) 
Polarimetric  SAR  Stereo- Imaging', 
including  foliage  and  ground  penetrating 
capabilities.  In  addition,  various  closely 
related  topics  of  (i)  acquiring  additional 
and  protecting  existing  spectral  windows 
of  the  ” Natural  Electromagnetic  Spectrum 
(NES)"  pertinent  to  Remote  Sensing;  and 
(ii)  mitigation  against  common  "Radio 
Frequency  Interference  (RFI)"  and 
intentional " Directive  Jamming  of  Airborne 
&  Space  borne  POL-IN-SAR  Imaging 
Platforms"  are  appraised. 

2.  Historical  Development  of  Radar 

Polarimetry  and  Interferometry 

Polarimetry  deals  with  the  full  vector 
nature  of  polarized  (vector)  electro¬ 
magnetic  waves  throughout  the  frequency 
spectrum  from  Ultra- Low- Frequencies 
(ULF)  to  above  the  Far- Ultra-Violet 
(FUV).  Where  there  are  abrupt  or  gradual 
changes  in  the  index  of  refraction  (or 
permittivity,  magnetic  permeability,  and 
conductivity),  the  polarization  state  of  a 
narrow-band  (single-frequency)  wave  is 
transformed,  and  the  electromagnetic " vector 
wave "  is  re-polarized.  When  the  wave  passes 
through  a  medium  of  changing  index  of 
refraction  or  when  it  strikes  an  object 
such  as  a  radar  target  and/or  a  scattering 
surface  and  it  is  reflected;  then,  characte¬ 
ristic  information  about  the  reflectivity, 
shape  and  orientation  of  the  reflecting 
body  can  be  obtained  by  implementing 
' polarization  control .  The  time-dependent 
behavior  of  the  electric  field  vector,  in 
general  describing  an  ellipse,  in  a  plane 
transverse  to  propagation,  plays  an  essential 
role  in  the  interaction  of  electromagnetic 
' vector*  waves  with  material  bodies,  and 
the  propagation  medium.  Whereas,  this 
polarization  transformation  behavior, 
expressed  in  terms  of  the  " polarization 
ellipse"  is  named "  Ellipsometry"  in  Optical 
Sensing  and  Imaging;  it  is  denoted  as 
"Polarimetry"  in  Radar,  Lidar/Ladar  and 
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KOrepeHTHMMH  nOJIJIpH3aiJHOHHMMH  CBOMCTBaMH 
oirmneciaix  h  paanoBOJiH,  cootbctctbchho;  npH 
3TOM  b  3JumncoMeTpnH  b  ochobhom  Hcnojib3yeT- 
ch  cMcreMa  KOOp^HHaT  FSA  (” paccexme  eneped"), 
a  b  nojmpMMeTpHH  HcnoJib3yeTcn  cHcreMa  Koop- 
HHHaT  BSA  ('paccexme  m3ad'). 


3.  nojwpHMeTpHH  h  HHTeptJiepoMeTpHH  B 
cHCTeMax  SAR 

Ecjih  PJI  nojixpuMempux  no3BOjiaeT  H3BJienb 
ropa3^o  Gojibiuyio  HHtfiopMauHio  o  tohko# 
CTpyKType  PJI  TeKCTypbi,  opneHTauHH  ijeJiH, 
CHMMCTpHH  h  MarepHajie,  HeM  'odUHHOX  OMMU- 
mydnax  paduojioKau,ux ,  to  obbiHHa a  (cKauap- 
Haa)  'PJI  mmep(pepoMempuR  no3BOJiaeT  oueHHTb 
npocTpaHCTBeHHyio  CTpyicrypy  (aajibHocTb/ray- 
6HHa),  no  KOTopoM  Moxer  6biTb  nocTpoeHa  'i^utp- 
poeax  Kapma  Mecmnocmu'.  OjmaKO,  hh  ohhh  Me- 
toji  He  noMoaceT,  ecjin  caMa  POL- SAR  cHCTeMa 
He  BbmaCT  HH(J)OpMaUHK>  O  TOM,  Tfle  Ha  B03BbI- 
rneHHH  nponcxo^HT  pacceamie;  HenojmpHMeT- 
pHMecKaa  IN- SAR  hjih  BoeHHan  (HenojiapHMeT- 
pHHecKaa)  bopTOBaa  o63opnaa  PJIC  He  MoaceT 
onpeaejiHTb  B03BbimeHHe,  ot  KOToporo  npmneji 
pacceaHHbiH  cwmaji  -  He3aBHCHMO  ot  ee  pa3pe- 
ineHHB  -  nosTOMy  Taicaa  cwcreMa  He  jtaeT  Hyac- 
HOfi  MH(})OpMaHHH  O  BepTHKajIbHOH  CTpyKType 
paCTHTejIbHOCTH  H  nOJUIOBepXHOCTHOft  HH(J)Op- 
MaixHH.  3,aecb  ctoht  no^nepKHyTb,  hto  c  noBbi- 
nieHHeM  pa3pemeHHH  nojiHpH3auHOHHaji  3aBH- 
CHMoeTb  CTaHOBHTca  Bee  6ojiee  aKTyajibHoft; 
cymecTByeT  nopor,  npH  npeBbiuieHHH  KOTopo- 
ro  nojiapHMeTpHHecKHe  IN- SAR  cHcreMbi  CTa- 
HOBflTCH  a6cOJTK)THO  Heo6xO^HMbIMH.  XOTO  IN- 
SAR  CHCTeMbI  H  n03B0JIBK)T  BOCCTaHOBHTb  'u,U(f>- 
poebie  Kapmbi  Mecnmocmu\  ho  e  dojibuiuncmee 
aiynaee  6e3  nojiapHMeTpHH  6yaer  Tpyzmo  noHHTb 
npoHexoameHHe  MexaHH3MOB  pacceHHHH.  KpOMe 
toto,  6e3  nojmon  peajiH3anHH  POL-IN/TOMO- 
SAR  MeTO^a  b  6ojibiuoM  ,zmana30He  yrjiOB  Ha- 
KJiOHa  6yaeT  Tpyano,  hjih  nonra  HeB03M0atH0, 
oTJiHHHTb  BepxHJOK)  KpoMKy  jieca  OT  TOTO,  HTO 
HaXOAHTCH  BHH3y,  KyCTapHHK  OT  CJIOHCTOH  no- 
HBbl  HJIH  nOJUIOBepXHOCTHblX  O&beKTOB,  T.e.  pa3- 
jiHHHTb  BepTHKajibHyio  crpyicrypy  pacTHTejibHo- 
cth  h  nojiynpo3panHoro  npHnoBepxHocTHoro 
CJIOfl. 


SAR  Sensing  and  Imaging  —  using  the 
ancient  Greek  meaning  of  " measuring 
orientation  and  object  shape”.  Thus, 
ellipsometry  and  polarimetry  are  con¬ 
cerned  with  the  control  of  the  coherent 
polarization  properties  of  the  optical  and 
radio  waves,  respectively;  where  in 
elli  psometiy  mainly  the " Forward  Scattering 
Alignment  (FSA)”  and  in  polarimetry  the 
" Back  Scattering  Alignment  (BSA)” 
coordinate  systems  are  respectively  used. 

3.  SAR  Polarimetry  and 

Interferometry 

Whereas  with ' Radar  Polarimetry'  text¬ 
ural  fine- structure,  target  orientation, 
symmetries,  and  material  constituents 
can  be  recovered  with  considerable 
improvement  above  that  of  standard 
'Amplitude- Only  Radar' ;  with  standard 
(scalar) ' Radar  Interferometry' ,  the  spatial 
(range/in  depth)  structure  may  be 
resolved,  from  which  'Digital  Elevation 
Maps'  can  be  reconstructed.  However, 
neither  method  is  complete  in  that 
POL- SAR  by  itself  does  not  provide 
information  on  where  in  elevation  the 
scattering  processes  take  place;  and  non- 
polarimetric  IN-SAR  or  military  (non- 
polarimetric)  air-borne  imaging  radar 
cannot  infer  the  elevation  from  which 
the  scatter  comes  -  irrespective  of 
driving  up  the  resolution  -  and  therefore 
not  providing  the  desired  information 
about  the  vertical  structure  of  vegetation 
and  under  burden.  Here,  we  emphasize 
that  with  increasing  resolution, 
polarization  dependence  becomes  all  the 
more  pertinent;  and  that  there  exists  a 
threshold  level  above  which  polarimetric 
IN-SAR  becomes  absolutely  necessary 
and  prevalent.  Although  IN-SAR  enables 
the  recovery  of  'Digital  Elevation  Maps 
( DEMs /,  without  polarimetry  it  will  be 
difficult  to  discern  —  in  most  cases  —  the 
source  orientation/location  of  the  scat¬ 
tering  mechanisms.  In  addition,  without 
the  full  implementation  of  POL- IN/ 
TOMO-SAR  imagery  with  a  highly 
enlarged  window  of  depression  angles, 
it  will  be  difficult  or  close  to  impossible 
to  discern  the  tree-top  canopy  from  that 
of  the  understore,  thicket  under-burden 
or  of  the  layered  soil  and  sub-surface 
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under-burden,  i.e.  discern  the  vertical  struc¬ 
ture  of  vegetation  and  semi-transparent 
underburden. 

4.  Pa3pa6oTKa  cneuHajiH3HpoBaHHwx  4.  Design  of  Mission-Oriented 

MyjibTHcencopHMX  o63opHwx  njiai(J)opM  Multi- Sensor  Imaging  Platforms 

OaHaKO  ao  Toro  KaK  peajiH30BaTb  Ha  npaK-  However,  in  order  to  realize  the  imple- 
THKe  3TH  cjioxHwe  TexHOJiorHH  MyjibTwceHcop-  mentation  of  such  highly  demanding 
Hbix  cHCTeM,  HeobxoaHMo  BbipaboTaTb  crpaTe-  multi-sensor  technologies,  it  will  at  the 
rHK)  npoeKTHpOBaHHfl  h  H3roTOBJieHHfl  SopTOBbix  same  time  be  necessary  to  develop  a  stra- 
njiaT^opM,  KOTOpbie  6hjih  6bi,  b  nacTHOcra,  tegy  for  the  design  and  manufacture  of  air- 
opueHTMpoBaHbi  Ha  coBMecTHoe  ocymecTBJie-  borne  sensor  platforms  which  are  mission- 
HHe  Mexo^a ' paduonacmomnou  EWB-POL-D-IN/  oriented  specifically  for  the  joint  ' Extended 
TOMO-SAR'  h  'onmunecKoso  aunepcnetcmpoAbHO-  Radio-Frequency  EWB-POL-D-IN/ 
eo  BHKH-BCli-By<blP  pexotMa  paboTbi  c  no-  TOMO-SAR '  plus  ' Extended  Optical 
BTopHbiM  npoxoaoM.  YuHTbiBaa,  4 to  b  HacTOH-  Hyper- Spectral  FIR-VIS-FUV  Repeat  - 
mee  BpeMH  npe^npHHHMaiOTCH  ycHJma  no  Pass  modes  of  operation.  Also,  considering 
ycoBepmeHCTBOBaHHK)  TexHonornn  POL- IN-  that  there  exist  currently  efforts  to  perfect 
SAR  nepeaHero  o630pa,  HeobxoawMo  npoex-  Forward-Looking  POL- IN- SAR  techno- 
TnpoBaTb  njiaT(J)opMbi  c  MHHHMajibHbiMH  cTpyx-  logy,  it  is  necessary  to  design  platforms 
TypHbiMH  noMexaMH,  mto6h  mojkho  6bijio  with  minimal  structural  interference 
ncnojib30BaTb  Becb  anana30H  uacTOT  (ot  YKB,  obstructions,  so  that  the  entire  frequency 
ecjin  He  BH,  jxo  KBH  runoc  pacmwpeHHbiM  on-  regime  from  at  least  VHF,  if  not  even 
THueciaiii  (BHKH-BCH-BYOH)  anana30H),  h  HF,  up  to  EHF  plus  the  extended  Optical 
xejiaiejibHo  Ha  o^Hoft  h  to#  ace  ceHcopHoii  (FIR-VIS-FUV)  Regime  can  be  accom- 
ixnanjjopMe.  IIocKojibKy  co  BpeMeHH  noaBJieHHa  modated  -  desirable  on  one  and  the  same 
b  KOHne  50-x  to^ob  njiaicJiopMbi  P-3  Orion  —  sensor  platform.  Considering  that  there 
oxpTHHKa  3a  nozrBOflHbiMH  jio^KaMM,  He  6buio  was  no  truly  mission-oriented  new  'Multi- 
C03aaH0  hh  o^Hofi  HOBoft  cneunajTH3HpoBaHHOH  purpose  SAR  IMAGING  AIRCRAFT 
' Muoeoaejieeou  6opmoeou  n/iam(popMbi  odsopnou  PLATFORM'  designed  since  that  of  the 
SAR' >  6bUio  6bi  4pe3BbmHHo  cBoeBpeMeHHo  h  P-3  Orion  submarine  hunting  platforms 
onpaBflaHHO  obpaTHTbca  k  njiaHHpyiomHM  of  the  late  Fifties,  it  is  a  timely  and  highly 
CTpyicrypaM  DOD,  NASA  (HQT-JPL),  DOC  justifiable  request  to  our  forward  looking, 
(USGS+NOAA),  NATO,  ESA,  NASDA,  h  visionary  Planning  Offices  of  DOD, 
tx,  CTeM,  HTobbi  npHCBOHTb  BbicuiHM  npwopH-  NASA  (HQT-JPL),  DOC  (USGS  + 
TeT  3TOMy  3ano3aaJioMy  TpeboBaHHio  no  o6ec-  NOAA),  NATO,  ESA,  NASDA,  etc.,  to 
neneHHio  aocryna  k  'udeaiibHbiM  omodpajtcamuuM  place  top  priority  on  this  long  overdue 
nnam(popMaM,  HeobxoflHMbiM  kbk  bjib  objiacra  demand  of  having  access  to  the  'ideal 
BoeHHbix  npHJioxeHHH  b  nacTH  '  zapanmupoea-  imaging  platforms  required  to  execute  both 
huh  6e3onacnocmu  cmpaHbi',  Tax  H  ana  oneHKH  the  military  wide  area  'homeland  security 
cocToaHwa  oxpyxcaiomeH  cpetfbi  h  B03HHKaioinHX  surveillance'  as  well  as  the  environmental 
npHponHbix  H3MeHeHHft  bo  BceM  MHpe.  Hcnonb-  background  validation,  environmental 
30BaHHe  ToabKO  JiHiiib  cymecTByiourHX  6opTo-  stress-assessment  and  stress-change 
Bbix  njiaTcJiopM  yxce  HeaocTaT04Ho,  nocKOJibxy  monitoring  missions  -  world-wide.  Just 
nojiHOCTbio  nojiflpHMerpHHecKHe  CHin  POL-  to  make  use  of  existing  air-borne 
SAR  HHTepcJjepOMerpbi,  b  cocraB  xoropbix  bxoaht  platforms  of  opportunity;  is  no  longer 
HecKOJibKO  cwcTeM  SAR,  He  Moryr  4>yHKUHo-  sufficient;  because  EWB/UWB  fully 
HHpoBaTb  Ha HenpaBHJibHO  cKOHCTpywpoBaHHbix  polarimetric  POL-SAR  Multi-SAR- 
(" nojinpUMempmeacu  Heytaitootcux")  njiaTtfiop-  Interferometers  cannot  tolerate  any 
Max,  co3aaioiiiHX  pa3jiHMHbie  noMexH.  platform  generated  multi-path  scattering 

obstructions  unavoidably  encountered 
with  all  of  these  " polarimetrically  clumsy ", 
venerated  platform  designs. 
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C  oflHOH  cTopoHbi,  iviH  pa3pa6oTKH  HOBbix  For  one  thing,  the  utilization  ofUAVs 
MHorope>KHMHbix,  MHoronooocHbix  POL- IN-  is  not  the  most  cost  saving  approach  for 
SAR  ceHcopHbix  o63opHbix  chctcm  bo3moxho  the  development  of  novel  multi-modal, 
Mcnojib30BaHHe  oociaTOMHo  Heooporiix  BI1JIA;  multi-band  POL-IN-SAR  imaging 
nocKOJibKy  ohh  oencTBHTejibHo  Moryr  3aKpbiTb  sensor  systems;  whereas,  they  indeed  may 
HeSojibmyio  Hinny  npH  npoBeocHHH  o6bi4Horo  provide  the  desired  modicum  of 
oncTaHUHOHHoro  30HOMpoBaHHn  oKpyxaiomeft  operation  for  routine  environmental 
cpeubi  h  obecneueHHH  'eonpocoe  6e3onacnocmu'  remote  sensing  and  ' homeland  security' 
b  6e3JiiooHbix  perwoHax.  TaKHM  o6pa30M,  none-  monitoring  tasks  in  desolate  regions. 
My  6bi  BMecro  pacxoooBaHne  orpoMHbix  h  6e3-  Thus,  instead  of  expending  any  more 
none3Hbix  ycnjiHM  no  ycTpaHemno  rjihhhhb  koh-  dead-end  efforts  on  the  elimination  of 
CTpyKUHM  cymecTByiomHx  n;iaT<i)opM  pa#M  platform  interference  effects  of  existing 
pa3pa6oTKH  cynepcoBpeMeHHbix  anropHTMOB  b  imaging  platforms  for  the  purpose  of 
nporpaMMax  oToGpa^ceHna  c  bbicokmm  pa3peme-  developing  hyper-fine  image  processing 
HHeM  h  oSnapyxeHHH  uejieH;  He  3aHBTbca  (He-  algorithms  in  the  high-resolution  imaging 
nocpeacTBeHHO  h  6e3  cyMaToxu)  njiaHHpoBaHH-  and  target  detection  programs;  why  not 
ew  h  KOHCTpyHpoBaHHeM  "POL-IN/TOMO-SAR  directly  and  without  any  further  ado 
iwanhopM”  c  H3MeH5nomHMHca,  b  3aBHCHMOcra  aggressively  attack  the  planning  and  design 
ot  Ha3HaueHHB  h  Tpe6yeMbix  xapaxTepncTHK,  of  the  "Ultimate  POL-IN/TOMO-SAR 
pa3MepaMH,  uto  TpeSyeTca  yac e  cenuac  h  He-  Platforms ",  varying  in  size  according  to 
MetuieHHo!  B  uacTHOCTH,  HyscHO  pa3pa6oiaTb  application  and  mission  performance, 
HueajibHbiH  Ha6op  o630pHbix  ruiaT<i>opM  (una  required  already  now,  and  immediately! 
Majibix,  cpe^HHX  h  6ojibiiiHX  BbicoT  c  He6ojib-  Specifically,  we  require  to  developing 
uihmh,  cpeflHHMH  h  6ojibmHMH  pa3MepaMH)  c  the  ideal  set  of  low/medium/high- 
TeM,  uto6m  y^oRiieTBOpHTb  cpouHbie  h  peajib-  altitude  versus  small/medium/large-sized 
Hbie  noTpebHocTH  no  oGecneueHHio  ’6e3onacHOc-  imaging  platforms  also  for  satisfying  the 
mu  cmpanbi'.  urgent  and  realistic  needs  of  'homeland 

security  surveillance'. 

5.  Heo6xo^HMOCTb  CHUT  POL-IN-SAR  5.  Need  for  EWB  (Hyper-Band) 

OTo6pa>KeHHfl  npH  MOHHTopHure  POL-IN-SAR  Imaging  in 

OKpyacaiomeH  cpe;u»i  Environmental  Monitoring 

B  3aBHCMM0CTH  ot  ancnepcHOHHbix  w  cTpyK-  Depending  on  the  dispersive  material 
TypHbix  cbohctb  noBepxHocra  pacceHHHH,  pac-  and  structural  properties  of  the  scattering 
THTejibHOCTH  h/hjih  reonornuecKoro  cTpoeHHH,  surface,  the  vegetative  over-burden  and/ 
HeobxoOTMO  TiuaTejibHO  BbiGnpaTb  cooTBeTCTBy-  or  geological  under-burden,  a  careful 
joiuhh  uacTOTHbin  ;mana30H  —  coenacoeambiu  c  choice  of  the  appropriate  frequency  bands 
onpedeaeHHbtM  ciienapueM  sKonoemeacoeo  mohu -  —  matched  to  each  specific  environmental 

mopuma.  3to  —  o65i3aiejibHoe  Tpe6oBaHne  min  scenario  -  must  be  made.  This  is  strictly 
nojiyqeHun  bmcothoh  +  cTpyicrypHoii  HHcjiop-  required  in  order  to  recover  —  next  to 
MauHH  (Bane#  3a  MaTepnajibHbiMH  napaMeTpaMH  material  bio-mass  parameters  —  canopy 
bnoMaccbi)  o  pacraiejibHOM  noKpoBa  othoch-  versus  sub-canopy  versus  under- store, 
TenbHo  npHnoBepxHOCTHoro  cjion,  noBepxHoc-  ground-surface  versus  sub-surface  DEM 
thoto  cjio5i  omocHTeJibHO  nonnoBepxHOCTHoro.  +  STRUCTURE  information.  With 
C  ycjioxcHeHHeM  cneHapna  MHorocnoHHoro  pac-  increasing  complexity  of  the  environ- 
ceHHHH  npH  30H^Mp0BaHHH  oKpyxaiomeft  cpe-  mental  multi-layered  scattering  scenario, 
m,  yBejiHHeHHe  uncjia  corjiacoBaHHbix  co  cue-  the  implementation  of  increasing  numbers 
HapMeM  pacceaHHa  uacTOTHbix  Anana30H0B  (b  of  scenario-matched  frequency  bands  - 
npenejie  0T  EWB  (rMnEP-JJHAIIA3 OH  u  CIUI1  in  the  limit  -  contiguous  EWB  (HYPER- 
HMAI1A30H)  POL-IN-SAR  ot  10  (100)  MTu  BAND  and  ULTRA-WIDE-BAND)  POL- 
m  100  (10)  ITu  craHOBHTCH  Bee  6o;iee  bjdkhbim  IN-SAR  across  10  (100)  MHz  to  100  (10) 
h  Heo6xo£HMbiM.  HanpHMep,  nw  kuk  moxcho  6o-  GHz  becomes  all  the  more  necessary  and 
Bee  TouHoft  (no  bo3mo^khoctm)  oueHKH  6noMac-  essential.  For  example,  in  order  to  assess 
cbi  yuacncoB  c  TaKHM  -rnnoM  pacTHTejibHocrH ,  Kax  -  as  accurately  as  ever  possible  -  the  bio- 
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KycrapHMK  apKWiecKOH  lyunpbi,  apjcmuecKafl  Tail-  mass  of  specific  types  of  forested  regions 
ra,  TponHMecKHe  neca  yMepeHHoii  30Hbi,  caBaHHbi  (such  as  boreal  tundra  shrubbery,  versus 
c  pe^Kon  pacTHTejibHocTbio,  rnioTHaa  pacTMTejib-  boreal  taiga,  versus  temperate-zone  rain- 
HocTb  cybTponMMecKnx  m  3KBaT0pnajibHbix wyH-  forests,  versus  sparsely  vegetated 
men,  b  kxwom  cayuae  Tpe6yeTC«  BbiSop  pa3Jinu-  savannahs,  versus  dense  sub-tropical  to 
Hbix  POL-IN-SAR  OTo6pa>KaK)mHX  ruiaT<|>opM,  equatorial  jungle-forests)  requires  in 
KOTopbie  Moryr  paboTaTb  b  pa3Hbix  flHana30Hax  each  case  adifferent  choice  of  multi  ple- 
(b  onTHMajibHOM  pexHMe  ot  BH/YKB  {(10)  100  to-wide-band  POL-IN-SAR  imaging 
MTU,}  Anana30Ha  ,ao  KBH  (100  rru))  h  Ha  pa3-  platforms,  not  necessarily  operated  at 
Hbix  BbicoTax.  Touho  Tax  xce,  turn  6o;iee  tohhoh  one  and  the  same  band  and  at  one  fixed 
h  npoBepaeMoii  oueHKH  BJiaxcHocTH  h  rnepoxo-  altitude,  for  optimal  performance  within 
BaTocTH  nouBbi,  a  Taioxe  OKBHBajieHTHoro  co/iep-  the  HF/VHF{(10)100  MHz}  to  EHF  (100 
xcaHHH  Bo,abi  b  cHere,  HeoSxonHMa  peajiH3auHfl  GHz)  regime.  Similarly,  for  more 
MHoronojiocHbix  h  pa3HOBbicoTHbix  POL- IN/  accurate  and  verifiable  estimation  of  soil 
TOMO-SAR  cwcTeM.  3/recb  cneayeT  noauepKHyrb  moisture  and  roughness,  and  of  snow 
HeobxoflHMOCTb  bbicTporo  nporpecca  othx  Me-  water  equivalence  such  multi-band  and 
TOflOB  POL-IN-SAR  oTofipaxceHHfl  juin  ynyn-  multi-altitudinal  POL-IN/TOMO-SAR 
rneHHfl  Bee  eme  rnioxo  paboTaiomHX  ajiropHT-  implementations  become  essential.  Here, 

mob  oueHKH  6noMaccbi,  BaxcHocTb  KOTopbix  we  emphasize  the  need  for  the  rapid 

BecbMa  BejiHKa.  advancement  of  these  integrated  POL- 

IN-SAR  Imaging  techniques  in  order  for 
advancing  the  still  overall  poorly  perfor¬ 
ming  bio-mass  estimation  algorithms, 
which  still  lack  such  vital  capabilities. 

HaeajibHbie  paboune  bmcoth  njiaTcftopM  TaK-  The  ideal  operational  altitudes  also 
xce  OTJiHuaioTCH  ot  o/moro  cueHaprui  k  apyroMy.  differ  from  one  scenario  to  the  other.  For 
flna  6ojibiuHHCTBa  JiecoB  c  ruiorHoft  h  nojiyxmoT-  most  semi-dense  to  dense  forests  of  the 
Hoft  pacTHTeji bH ocTbio  yMepeHHbix  30H  onra-  temperate  zones,  the  EWB  VHF/UHF/ 
MaribHbiM  MoxceT  6biTb  pacumpeHHbift  OBH/  SHF  (600-5000  MHz)  regime  may  be 
yBH/CBH  B,Hana30H  (600-5000  MTu).  Torna  KaK  optimal.  Whereas,  for  a  dense  virgin 
zuia  ruioTHoro  ^cbctbchhoto  OKBaTOpnajibHoro  equatorial  rain  forest  with  huge  trees  of 
Jieca  c  orpoMHbiMH  nepeBbflMH,  o6jia,aaK)mHMH  highly  conductive  hard-wood,  the  UWB 
BbicoKoft  npoBo^HMocTbio,  TpebyeTca  CHin  (10-1000  MHz)  regime  is  required,  etc. 
UHana30H  (10-1000  MTu),  h  t.^.  Tukhm  o6pa30M,  Thus,  the  current  choice  of  frequency 
HMeioinMHCfl  BbiGop  qacTOTHbix  BHana30HOB  /uih  bands  for  bio- mass  determination  is 
oueHKH  SHOMaccbi  BecbMa  orpaHHueH  h  Heao-  indeed  very  limited  and  insufficient  in 
cTaToueH  ajm  cjiyuaa  L/S/C/X-^Hana30HOB,  Jie-  that  the  L/S/C/X- Bands  all  lie  well  above 
xaiuHx  Bbime  BepxHeft  KpHBoft  HacbimeHHH  thc-  the  upper  saturation  curve;  and,  the 
Tepe3Hca  bHOMaccbi,  Toma  xax  HOMHHajibHbift  nominal  P-Band  (420  MHz)  well  below 
P-^nana30H  (420  MTu)  JiexcHT  3HauMTejibHO  Huxce  the  lower  saturation  curve  of  the  bio-mass 
HH>KHeH  KpHBOM  HacbimeHim  juin  6ojibUiHHCTBa  hysteresis  —  for  most  types  of  forested 
ranoB  objiaereft  noxpbiTbix  JiecaMM  b  yMepeH-  regions  within  the  temperate  climatic 
Hbix  KJiMMaTHHecKHX  30Hax.  Tomho  Tax  ace,  juih  zones.  Similarly,  in  order  to  recover  the 
bocctuhob ji eH mb  TpexMepHoft  no/moBepxHocr-  three-dimensional  sub-surface  image 
hoh  HH^opMauHH  o  cyxHX  h  BJiaxHbix  nouBax,  information  of  dry  to  wet  soils  including 
BKjnoqaa  cBOHCTBa  BJiaxcHocTH  nouBbi,  onTM-  its  soil  moisture  properties,  the  optimal 
Ma^bHbiH  Cllin  BH/YBH  BJtanaaoH  JiexoiT  HHxce  EWB  HF/VHF-regime  lies  below  the 
HOMHHanbHoro  P-nHana30Ha  (420  MTu)  ao  10  nominal  P-Band  (420  MHz)  to  well 
Mru.  TaKHMo6pa30M,  ajianTHBHbiepe^HMbipa-  below  10  MHz.  Thus,  adaptive  EWB- 
6oTbi  CUin  POL-IN/TOMO-SAR  ctuhobbtch  POL-IN/TOMO-SAR  modes  of  opera- 
o6H3aTejibHbiM  ycjioBHeM  ruin  nojiyueHHa  Tpex-  tion  become  a  stringent  requirement  for 
MepHofi  HH^opMauHH  06  oKpyxcaiomeft  cpefle,  three-dimensional  environmental  back- 
oueHKH  h  MOHHTopHHra  npoHcxoflamux  b  Heii  ground  validation,  stress  assessment,  and 
H3MeHeHHft.  stress-change  monitoring. 
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6.  Bmboam 


6.  Conclusions 


Heo6xo;jHMo  npe/mpHHflTb  Bee  B03M0>KHbie 
yCHJlHfl,  UT06bI  paCIUHpHTb  H  yBejIHMMBaTb,  HO 
h  He  npeHe6peraTb  yxce  cymecTByiomHMH,  ho 
noKa  eme  HefloCTaTOHHO  Hcnojib3yeMbiMH  juin 
HayHHbix  uejieM,  CBoSoaHbiMH  '  cneKmpcuibHbiMu 
ornaMu  dm  nejieu  ducmanu^uomoso  3ondupoea- 
nun\  KOTopwe  cjieayer  pacnpenejiHTb  c  'nosa- 
pu<pMunecKou  nepuoduHHoembfo'  bo  Bcex  HMeio- 
lUHXCH  nacTOTHbix  .aHanaaoHax  npn6jiH3HTeJibHO 

ot  1  (10)  MTn  m  300  (100)  ITu,  h  Bbiuie.  KpoMe 
Toro,  pm  hohokhom  m  6ojiee  tohhoh  ouchkh  napa- 
MerpoB  6HOMaccbi  Heo6xonHMo  Hcnojib30Barb  no- 
nnpHMerpHHecKHe  ranepcneicrpajibHbie  pe3y;ibTa- 
Tbi  OTo6paxceHHn,  riojiyueHHbie  b  pacumpeHHOM 
BHKH-BCT-BYO1!  AHana30He.  Heo6xo/rnMo  cen- 
nac  h  HeMe^neHHo  Hauarb  pemenne  npo6neM  pac- 
npeflejieHHH  uacroT  h  HacroTHbix  AHana30HOB  (c 
yqeroM  TaKHx  coBpeMeHHbix  UH^poBbix  MeTQHOB 
Kax  UH(J)poBoe  (J)opMHpoBaHne  Jiyna  aHTeHHbi, 
UH(})poBoe  KOOTpoBaHHe  h  Koppejinuwn),  yMeHb- 
rneHMH  noMex  npH  uH<j)poBOM  BemaHHH,  a  xaioxe 
cHHxeHHe  yrpo3bi  bhciiihhx  noMex,  TeM  6ojiee, 
hto  3Toro  Tpe6yeT  HeH36excHan  peajnmunfl  Me- 
ToflOB  POL-IN/TOMO-SAR  HaSrnoAeHHH  h  mc~ 

TaHUHOHHOrO  30HHHpOBaHHH. 


Every  possible  effort  must  be  made 
to  expand  and  to  extend  but  not  to  give 
up  the  existing,  highly  insufficient  avail¬ 
ability  of  free  scientific  'remote  sensing 
spectral  windows' ,  which  must  absolutely 
be  spread  with  '  deca-logarithmic  periodi¬ 
city'  throughout  the  pertinent  frequency 
bands  of  about  1  (10)  MHz  to  300  (100) 
GHz,  and  beyond.  In  addition,  for  a  reliable 
and  more  accurate  estimation  of  biomass 
parameters,  it  is  definitely  necessary  to 
add  and  include  polarimetric  hyper- 
spectral  EO  wideband  FIR-VIS-FUV 
imagery.  The  entire  issues  of  frequency 
allocation  and  radio  spectral-band 
sharing  -  coupled  with  modem  advanced 
digital  techniques,  such  as  digital  antenna 
beam  forming,  digital  coding  and 
correlation  -  plus  digital  radio  frequency 
interference  reduction  as  well  as  RFI 
threat  mitigation  must  be  re-addressed 
totally  and  immediately  -  especially  as 
regards  the  unavoidable  implementation 
of  POL-IN/TOMO-SAR  surveillance 
and  remote  sensing  technology. 
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IlojinpimuHOHHhie  6HCTa6HJibHbie 
onTHMecKHe  ycTpoiicTBa 

B.A.  Ta6apmi 


Polarization  Bistable  Optical 
Devices 


CypryrcKHH  rocyaapcTBeHHbiu  yHHBepcuTeT 
E-mail:  tabarin@surguttel.ru 

B  doiaiade  dan  o63op  ycmpoiicme,  e  Komopwx  pea- 
mayemcR  no/vtpu3auuoHHax  onmunecicax  6ucma- 
OiuibHOcmb.  B  uacmnocmu,  eeedena  KAaccuipuicanufi 
eudoe  6ucmci6iiAbHocmit .  PaccMompeabi  nepeue  koh- 
cmpyKiptu  ycmpoucme,  ucnoAb3ytoiu,ux  mmmeuHue 
pesonamopbi  0a6pu~TIepo  c  onmmecKim  Kpucmaji- 
jiom,  npedjioMcewme  A.  Korpel  u  A.  Lohmann.  B 
npuCope  mciKoao  muna  o6m,asi  ebixodnax  Momnocmb 
ecezda  odmaKoea  dsw  deyx  cocmomuu  6ucma6iuib- 
Hocmu.  H.  Lee  u  Y.Chen  npednowimi  cxemy,  e  ko- 
mopou  exodubiMii  u  g bixodn biM u  napaMempaMu  ne- 
Afuomcn  cocmofimw  noAxpinaipm  onmimecKOZO 
UMyneHM.  Upednodtcenmn  cxe\ta  ocnoGcwa  ho  3(p- 
(pexme  0apadex  c  ucnoAb3oeamieM  etieumeu  onen- 
mpitHecKOU  o6pamnou  cgh3u.  KpoMe  yKasamux 
npudopoe  e  domiade  npiieedenu  ycmpoiicmea  nonx- 
piaanuoHHou  onmimeacou  6ucma6wibnocmu,  pa3pa- 
OomaHHbte  aemopoM  c  compydnuKaMii. 

npednoweH  noAsipu3au,uoHHbiu  6ucma6iuibtmu  3ne~ 
Meum  c  3AeKmpimecKoii  oOpamuou  cex3bio  ua  ocho - 
ee  He-Ne  na3epa  ua  dnune  gojihu  X=3,39  mkm,  g 
pe3onamop  Komopozo  noMemena  xueuica  0apadex 
na  MOHOKpucmajvie  3tcejie30ummpueeozo  zpanama. 
B  damoM  3AeMenme  npoucxodum  nepeKAmnenue 
cocmoHHUA  noAStpmanuu  c  f*  ua  T~  u  nao6opom. 


OnraHecKaH  GHCTaSwibHOCTb  -  6bicTpo  pa3- 
BHBaiomancH  o6;iacTb  coBpeMeHHbix  HccjieaoBa- 
HMfl.  BHHMaHHe  K  HeH  oSyCJIOBJieHO  B03M0>KH0C- 
thmh  ee  npaKTHHecKHX  npHMeHeHHM  k  nojiHocrbio 
OnTHUeCKHM  CXeMaM  JlOrHKH  H  TeMM  HHTCpeCHblMM 
HBJieHHflMH,  Koropbie  Jiexcax  b  ee  ochobc. 

OnTHHecKan  6HCTa6MJibHocTb  b  naccHBHoft, 
HeB036yxgieHHoM  cpe^e  BnepBbie  Ha6jno,aajiacb 
b  napax  Harpua  b  1974  r.  3areM  6bmn  Bbino;iHeHbi 
SKCnepHMeHTbl  c  caMbIMH  pa3H006pa3HbIMH 
cMCTeMaMH,  BKJitOMan  MHHMariopHbie  nojiynpo- 
BO^HHKOBbie  Jia3epbi.  B  Hacroamee  BpeMH  npn- 
KJiaaHbie  paSoTbi  HanpaBJieHbi  Ha  onTHMH3auHK> 
3thx  3JieMeHTOB,  pa3pa6oTKy  ycrpOHCTB  Ha  HX 
ocHOBe  h  T.a.  Pa3JiMviaiOT,  Tax  Ha3biBaeMbie  aMn- 
JIHTyflHyK)  M  B03HHKULiyK)  cymecTBeHHo  no3xe 
no^flpM3aunoHHyio  SucTaSmibHocTb. 


V.A.  Tabarin 

Surgut  State  University 
E-mail:  tabarin@surguttel.ru 

The  paper  presents  review  of  devices  in 
which  the  polarization  optical  bistability 
is  realized.  In  particular  the  classification 
of  bistability  aspects  is  introduced.  The 
first  design  of  the  devices  using  nonlinear 
Fabry-Perot  resonators  with  an  optical 
crystal  suggested  by  A.  Korpel  and  A. 
Lohmann  are  considered.  In  such  type 
device,  the  full  output  power  is  always  the 
same  for  two  bistability  states.  H.  Lee  and 
Y.  Chen  suggested  a  circuit,  in  which 
polarization  states  of  optical  radiation  are 
input  and  output  parameters.  The  given 
circuit  is  based  on  the  Faraday  effect  using 
an  external  electric  feedback.  Besides  the 
devices  specified  in  the  paper,  devices  of 
polarization  optical  bistability  developed  by 
the  author  and  co-workers  are  presented. 

A  polarization  bistable  element  with  electric 
feedback  based  on  He-Ne  laser  with  3.39 
pm  is  suggested.  The  Faraday  cell  on  iron- 
yttrium  garnet  mono -crystal  is  placed  in 
the  laser  resonator,  where  switching  of 
polarization  state  from  C  to  and  vice 
versa  takes  place. 


The  optical  bistability  is  the  fast 
developing  area  of  modem  research.  Such 
attention  is  caused  by  opportunities  of 
its  practical  application  in  completely 
optical  logic  circuits  and  the  interesting 
phenomena  which  it  reveals. 

The  optical  bistability  in  a  passive  not 
excited  medium  was  observed  for  the 
first  time  in  natrium  vapours  in  1974. 
Then  experiments  with  different  systems 
including  miniature  semiconductor 
lasers  have  been  performed.  Now  applied 
works  are  directed  to  optimization  of 
these  elements,  the  development  of 
devices  on  their  basis,  etc.  There  are  so- 
called  amplitude  bistability  and  the 
subsequent  polarization  bistability. 


Polarization  Bistable  Optical  Devices 


BBefleM  ocHOBHbie  onpefleneHHfl  h  o6o3Ha- 
HeHHH.  ToBOpHT,  HTO  CHCTeMa  onTHUeCKH  6HC- 
Ta6njiBHa,  ecjiH  npn  o^hom  h  tom  ace  3Haue- 
HHH  BXOaHOTO  CHTHajia  Jjn  B  HeKOTOpOM  ofijiacTH 
ero  H3MeHeHH5i  bbixo^hoh  cnmaji  IT  MMeeT  jiBa 
ypoBHH  MHTeHCMBHocTH.  Tax,  CHCTeMa,  nepe- 
aaTOHHaa  xapaKTepHCTHKa  KOTopoii  H3o6paace- 
Ha  Ha  pHC.  I,  6HCTa6njibHa  b  ;mana30He  HHTeH- 
CHBHOCTeM  BXOflHOTO  H3JiyueHHfl  OT  Ijn{  RO 


Let  us  introduce  basic  definitions 
and  designations.  A  system  is  called  as 
optically  bistable,  if  for  the  same  value 
of  input  signal  Iin  within  some  area  its 
changing  the  output  signal  IT  has  two 
levels  of  intensity.  So,  the  system  with 
transfer  characteristic  shown  in  Fig.  1  is 
bistable  over  the  range  of  intensities  of 
input  radiation  from  Ijn[  up  to  I.nT 


Phc.  1.  IlepeflaTOHHaa  xapaKTepHCTHKa  ycTpowcTBa  c  aMruiHTyzmoH 
6HCTa6HJlbHOCTbK> 

Fig.  1.  Transfer  characteristic  of  amplitude  bistability  device 


OueBHMHO,  hto  TaKaa  CHCTeMbi  HBJiaeTca  He- 
jiHHeiiHOH,  TaK  KaK  IT  Hejib3B  nojiyHHTb  nyreM 
npocToro  yMHoaceHHH  Ijn  Ha  nocTOHHHoe  hhc- 
jio.  Hto6m  nojryuHTb  6HCTa6njibHbiH  otkjihk,  or- 
HOH  HeJIHHeHHOH  CHCTeMbi  HeflOCTaTOUHO.  He- 
ofixo^HMa  eme  ofipaTHan  CBH3b,  KOTOpaa 
n03BOJIHeT  nOJiyUHTb  MHOT03HaHHOCTb  HejIHHeH- 
hoto  nponycKaHHa,  T.e.  6HCTa6HJibHocTb.  9to  h 
ecTb  aMnjiHTy^Haa  onrauecKan  fincTafiHJibHOCTb 
(AOB),  noapo6Ho  onncaHHaa  b  [  1  ]. 

OTJIHHHTeJIbHOH  0C06eHH0CTbK)  6HCTa6HJlb- 
HblX  yCTpOHCTB  HBJIHeTCfl  HaJIHHHe  THCTepe3HCa 
b  nepe^aTOHHOH  xapaKTepHCTHKe  oriTHHecKOH 
CHCTeMbi. 

IIo;i5ipH3auHOHHa5i  onrauecKaa  6ncTa6HJib- 
HocTb  (nOB)  BnepBbie  onncaHa  b  [2].  Ee  bbto- 
pbi  Korpel  h  Lohmann  npejuioaouiH  HecKOJibKO 
nepcneKTHBHbix  chctcm  no  IIOE.  ITOB  CHCTeMa 
3T0  CBoero  po,na  Moan^HKauHa  AB  chctcmm,  rae 
RBQ.  COCTOHHHH  OnTHMeCKOH  6HCTa6nabHOCTH 
onpeaeJiaiOTCH  He  BejinaHHOH  BbixoaHoro  cnr- 
Haaa,  a  TOJibKo  coctohhhcm  nojiapH3aijHH  stoto 
CHTHajia.  B  HaeajibHOM  npn6ope  TaKoro  rana 
ofimaa  BbixoaHaa  moiuhoctb  Bceraa  nojiacHa 
6biTb  oaHHaKOBa  rjir  auyx  coctohhhh  6HCTa- 
fiHJlbHOCTH.  B  npHHUHne  B  TaKHX  yCTpOfiCTBaX 
3HeprHsi  He  pacceHBaeTca,  3a  HCKJiioueHHeM  He- 
H36e>KHbix  noTepb  3a  cueT  nornomeHHH. 


Obviously  such  system  is  nonlinear, 
since  IT  can  not  be  obtained  by  common 
multiplication  of  Ijn  by  a  constant.  It  is 
not  sufficient  to  have  a  nonlinear  system, 
to  get  a  bistable  response.  We  need  a 
feedback,  which  allows  to  provide  a 
multivalued  nonlinear  transmission,  i.e. 
bistability.  It  is  the  amplitude  optical 
bistability  (AOB)  that  was  described  in 
details  in  [1]. 

The  distinctive  feature  of  bistable 
devices  is  presence  of  a  hysteresis  in  the 
transfer  characteristic  of  an  optical 
system. 

For  the  first  time,  polarization  optical 
bistability  (POB)  was  described  in  [2].  The 
authors,  Korpel  and  Lohmann,  suggested 
several  perspective  POB  systems.  A  POB 
system  is  some  kind  of  modification  of 
AOB  system,  where  two  states  of  the 
optical  bistability  are  determined  by  only 
polarization  state  of  this  signal,  Kather 
than  by  output  signal  magnitude.  In  an 
ideal  device,  the  total  output  power 
always  should  be  equal  for  two  states  of 
the  bistability.  Basically  in  such  devices 
energy  does  not  dissipate  except  for 
inevitable  losses  due  to  absorption. 
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FIoJi5ipM3auMOHHa5i  6wcTa6MJibHocTb  MoxceT  The  polarization  bistability  can  be 
6biTb  nojiyneHa  cjieuyiomHM  o6pa30M.  IlycTb  obtained  as  follows.  Let  a  conventional 
o6biliHbin  H30TponHbih  pe3onaTop  Oa6pn-riepo  isotropic  Fabry- Perot  resonator  (furher 
(aanee  Oil)  ocBemaercn  x-noJinpH30BaHHbiM  FP)  is  illuminated  by  x-polarized  J-gnt 
cBeroM  (pnc.  2).  (Fig*  2). 

CocTOHHne  nojiHpH3aitHH  oTpaaceHHoro  CBe-  The  polarization  state  of  reflected 
Ta  MeHHeTca  Ha  y-no/iHpH3auHJO  c  noMoiubio  light  is  transformed  to  y-polarization 
nojiyBOJiHOBOM  njiacTHHKH  X/2.  npoiueninHft  Jiyn  with  using  the  half-wave  plate  X/2.  The 
HanpaBJHieTCH  na  TaK  Ha3biBaeMbift  pacmenn-  passing  beam  goes  to  splitter  of 
Tejib  nojnipH30BaHHoro  jiyna  (PTUI).  Kax  bhuho  polarized  beam  (SPB).  The  SPB  collects 
M3  puc.  2  PriJT  coGnpaeT  npomeniuMft  h  OTpa-  the  passing  and  reflected  beams  and 
xeHHbih  jiyuH  h  HanpaBJineT  hx  b  ojxny  cTopoHy.  directs  them  to  one  side  (see  Fig.  2). 


[J  1 . ^1  <y) 


Phc.  2.  y CTpoft ctbo  nOB  (1,2  —  3epKajia,  3  -  pe30HaT0p  OabpM- 
nepo, 

4  —  pacmenwTejib  nojuipH30BaHHoro  Jiyna) 

Fig.  2.  POB  device:  mirrors  (1  and  2),  Fabry-Perot  resonator  (3), 
polarized  beam  splitter  (4) 

Ecjih  Tenepb  b  pe30HaTop  On  BBecTH,  Hanpn-  If  to  place  an  electro-optic  crystal, 

Mep,  ojieKTpoonTHMecKHH  Kpucrajui,  noKa3aTejib  which  refractive  index  depends  on  radi- 
npeaoMJieHHH  KOToporo  3Ubhcht  ot  HHTeHCHB-  ation  intensity,  into  the  FP  resonator, 
hocth  H3JiyneHMfl,  to  npH  nonane  Jiyna  cBera  Ha  the  phase  delay  inside  the  resonator  will 
Bxon  pe30HaT0pa  Oil,  <j)a30Ban  3anepxoca  BHyrpn  vary  proportionally  to  the  refractive  index 
pe30HaT0pa  6yneT  H3MeH5m»cn  nponopunoHajib-  n  =  nQ  +  nj  (magnitude  I  is  proportional 
ho  noKa3aTenio  npenoMJieHHfl  n  —  n0  +  nj,  rne  to  the  power  passing  through  the  FP 
BejiHMHHa  / nponopUHOHajibHa  moiuhocth,  npo-  resonator)  while  light  beam  illuminating 
luetmiHH  uepe3  On  pe30HaT0p.  the  resonator  input. 

B  pe3yjibTaTe  MomHocrb  npoiuenuiero  Jiyna  As  a  result,  the  passing  (TRANS) 
(TRANS)  6yneT  cooTBeTCTBOBarb  HHXHeft  uacra  and  reflected  (REFL)  beam  powers  will 
rpa4)HKa  (pHc.  3),  b  to  Bpewn  KaK  H3MeHeHHe  correspond  to  the  lower  and  the  upper 
MOIUHOCTH  OTpaxceHHoro  jiyua  (REFL)  coot-  parts  of  the  diagram  (Fig.  3),  corres- 
BeTCTByeT  BepXHeft  uacra  rpa(J>HKa  (pnc.  3).  pondingly. 

OienoBaTejibHO,  b  cjiyuae  peajiH3auHH  Bepx-  Therefore,  if  the  diagram's  upper 
Heft  nacTH  rpa<J)HKa  (npH  ubhxcchhm  BBepx  no  part  is  realized  (while  moving  up  along 
KpHBoft  REFL)  Bbixo/moe  H3JiyueHwe  6yaeT  npe-  REFL  curve)  the  output  radiation  will 
HMymecTBeHHO  y-nojiapH30BaHO,  KaK  noKa3aHO  be  mainly  y-polarized,  as  designated  by 
TpeyronbHHKaMH  Ha  pnc.  3.  ripH  nepeMemeHHH  triangles  in  Fig.  3.  While  moving  down 
no  rpa(J)HKy  bhh3  (REFL)  BbixonHoe  M3JiyueHHe  along  REFL  curve,  the  output  radiation 
6yneT  x-nojmpM30BaHO,  no  Tex  nop,  noxa  Bejm-  will  be  x-polarized  until  the  input  power 
MHHa  BxonHoft  MOIUHOCTH  6yaeT  Bbime  MHHH-  magnitude  is  higher  than  the  minimum 
ManbHoro  3HaneHHU  o6iiacTH  6HCTa6HJibHocTH.  value  of  the  bistability  area.  The  squares 
KBanpaTbi  Ha  rpacJjHKax  pnc.  3  o3HauaiOT  hhcxo-  in  Fig.  3  mark  the  descending  conditions. 
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/taiUHe  cocrosiHHfl.  KaK  BMflHM,  b  3T0M  Mero^e  no- 
jiyneHH^  IIOE  Hcnojib3yercH  HejiHHeMHbiw  pe- 
30HaTop  On.  Hobmm  xaicace  aBjiflercfl  to,  mto 
06a  Jiyqa  npomefliiiHH  h  OTpa>KeHHbm  ncnojib- 
3yiOTCB  nm  <}>OpMHpOBaHHfl  BblXO^HOTO  H3JiyHe- 
HHfl.  MHTeHCHBHOCTH  H3JiyHeHHH  /  H  /  CUHTaeT- 
Cfl  OAMHaKOBHMH. 


As  is  seen,  this  method  of  POB  imple¬ 
mentation  uses  a  nonlinear  FP  resonator. 
The  new  is  also  that  both,  passing  and 
reflected,  beams  are  used  for  forming 
the  output  radiation.  The  radiation 
intensities  Ix  and  7  are  considered  to  be 
equal. 


REFL(y) 


Phc.  3.  riepeAaTOHHwe  xapaKTepHCTHKH  ycTpoucTBa,  H3o6paxceHHoro  Ha  pnc.  2 
Fig.  3.  Transfer  characteristics  of  the  device  shown  in  Fig.  2 


B  pane  padoT  npeanoxeHbi  apyrae  cxeMHbie 
peuieHHa.  B  pa6oie  [3]  aHajiH3HpyeTca  bo3mo>k- 
HocTb  nojiyueHHa  noJiHpH3auHOHHon  onra'iecKon 

6HCTa6MJIbHOCTH,  B  KOTOpOH  BXO^HLIMH  H  BblXOfl- 

HbiMH  napaMeTpaMH  HBJiaK)Tca  coctobhhh  no jui- 
pH3auHH  orrmuecKoro  HajiyHerara.  npeaaoxceHHaa 
nOB  ocHosaHa  Ha  a^eicre  Oapa^ea  c  ncnojib- 
30BaHHeM  BHeuiHeM  aneKrpHHecKOH  obpaTHOH 
CBH3H  (pHC.  4). 


There  are  works  where  another  cir¬ 
cuitry  are  suggested.  In  [3]  the  opportunity 
to  provide  the  polarization  optical  bi¬ 
stability  is  analyzed,  when  polarization 
states  of  optical  radiation  are  the  input 
and  output  parameters.  The  given  POB  is 
based  on  the  Faraday  effect  with  using 
the  external  electric  feedback  (Fig.  4). 


Phc.  4.  Yctpohctbo  FlOB  Ha  o^xheicre  <J>apanea  (1-4  —  3epicajia;  P  -  nojrapH3aTop; 
A  —  ycHJiHTejib  obpaTHOH  cbh3h;  Dj,  D2  —  (JjoTOirereKropbi;  Icb  - 
nocTOAHHoe  cMemeHHe;  S  —  coneHorw;  M  —  MarammiM  o6pa3eu) 

Fig.  4.  POB  device  based  on  Faraday  effect:  mirrors  (1  to  4),  polarizer  (P),  feedback 
amplifier  (A),  photodetectors  (Dp  D2),  constant  bias  (fcb),  solenoid  (S), 
magnetic  sample  (M) 
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3a  ocHOBy  b3at  MarHHToonTHuecKHH  wa- 
TepHan.  CorjiacHO  3(jxj>eKTy  Oapaaea  yroji  no- 
BopoTa  miocKOCTH  noJiapH3auHH  nponopuuo- 
HaneH  BCJiHUHHe  MamHTHoro  nona,  nouaBaeworo 
Ha  o6pa3eu 


The  basis  is  a  magneto-optical  material. 
According  to  the  Faraday  effect,  the 
rotation  angle  of  the  polarization  plane 
is  proportional  to  magnetic  field  magni¬ 
tude  applied  to  the  sample 

(1) 


Qo-Q,=l &H. 


3^ecb  Qr  Q0  "  ynibi  luiocicocTeH  nojiHpH3aimH 
cooTBercTBeHHo  Ha  o6pa3eu  CBeia  BbiuieAiuero 
H3  o6pa3ua  Jiyua,  l- jumm  o6pa3ua,  H-  Bejm- 
HHHa  HanpH>KeHHOCTH  MarHHTHoro  nojiH. 

JlHHeMHO  nojiapM30BaHHaa  MOHOxpoMaTH- 
uecKaa  BOJiHa  c  yrjioM  nonapH3auHH  Qx  (pwc.  4) 
na  iiaeT  Ha  MarHHTHbiri  MaTepnan.  Toma  yron  nojra- 
pH3au,HH  BbixoAHoro  H3JiyqeHHH  6yaer  Q0.  Bhciiihhh 
oriparHaa  cBH3b  ofiecneuHBaer  tok  b  KaryuiKe,  ko- 
TopbiM,  B  cbok)  ouepe#b,  onpeaejmeica  hhtchchb- 
HocrbK)  cBexa,  na^awmero  Ha  ^ereicrop  Dr 

Ha  BXoa,HOM  oKHe  D2  npoHcxoaHT  HHTep(j)e- 
peHUHH  AByx  Jiynen:  uacTHHHO  ocjiafijieHHoro 
BxoflHoro  h  BbixoAHoro.  Cumaji  c  Harpy3KH  D2 
no^aeTca  Ha  ycHJiHTejib  TOKa,  K03(j)(})HUHeHT  ycw- 
JieHHB  KOTOporO  3aBMCHT  OT  MHTeHCHBHOCTH  na- 
aaiomero  Ha  MarHHTHbiH  o6pa3eix  H3JiyueHHfl.  H3 
COOTHOUieHHfl  (1)  M05KH0  HaHTH  3aBHCHMOCTb 

yrjia  nojiapH3auHH  BbixoaHoro  Jiyua  ot  ynia  no- 
jiHpH3au,HH  BXoaHoro  Jiyua.  Ha  pnc.  5  npHBe^eHbi 

Tpw  3aBHCHMOCTH  BeJIHUHHbl  H  OT  Qq  AHA  pa3- 
JIHUHblX  3HaHeHHH  Qx 


Here  QP  Q0  are  angles  of  the  polarization 
planes  of  incident  and  output  radiation, 
/  is  the  sample  length,  H  is  the 
magnetizing  force  value. 

The  linearly  polarized  monochromatic 
wave  with  the  polarization  angle  Q.  (see 
Fig.  4)  falls  on  the  magnetic  material.  Then 
the  polarization  angle  of  the  output  radi¬ 
ation  is  Q0.  The  external  feedback  provides 
the  coil  current,  which  is  termined  by 
the  light  intensity  on  the  detector  Dr 

At  the  input  window  D2  there  is  inter¬ 
ference  between  partly  attenuated  input 
beam  and  the  output  beam.  The  signal  from 
D2  load  is  applied  at  the  current  amplifier, 
which  gain  depends  on  intensity  of  radi¬ 
ation  incident  upon  the  magnetic  sample. 
Using  (1)  it  is  possible  to  find  dependence 
of  the  output  beam's  polarization  angle 
on  the  polarization  angle  of  the  input 
beam.  Figure  5  shows  three  dependences 
of  H  versus  Q0  for  different  Q.  values 


QiO  =Qn  Qi0=Qi  + 


Qio  ~Qi  2  * 


H 


Phc.  5.  FlepeflaTOUHaa  xapaKiepucTHKa  ycrpoMCTBa,  n3o6pa>KeHHoro  Ha  pnc.4 
Fig.  5.  Transfer  characteristics  of  the  device  shown  in  Fig.  4 
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HajiHHue  nOE  b  zraHHofi  cxewe  onpenejia-  The  POB  presence  in  the  given  circuit 
eTCH  cymecTBOBaHHeM  #Byx  w  6ojiee  3HaueHHH  is  determined  by  existence  of  two  and 
Q0  juin  KaKoro-jin6o  Q..  KaK  bhjiho  H3  puc.  5  more  values  of  Q0  for  any  Q..  It  is  seen 
jiHiub  min  Qi0  =  Qt  MMeeT  mccto  6HCTa6Hjn>H0CTb,  from  Fig.  5  that  the  bistability  occurs  only 
TaK  KaK  b  3tom  cjiyuae  toukh  2  h  4  Ha  pnc.  5  for  Qj0  ~  Qj ,  since  the  points  2  and  4  in 
cooTBeTCTByioT  AByM  pa3JiHUHbiM  yrjiaM  Q0  npn  Fig.  5  correspond  to  two  different  angles 
o,hhom  h  tom  >xe  3HaueHHH  Q..  Q0  for  the  same  Q.  value. 

A  HajtHHwe  jimuib  no  o^HOMy  3HaqeHHio  Q0  The  existence  of  one  value  of  Q0 
(tohkm  1  h  3)  cBH^eTejibCTByeT  06  OTcyrcTBHH  (points  1  and  3)  only  testifies  lack  of  the 
6HCTa6njibHocTH  £jih  sthx  cjiyuaeB.  bistability. 

TaKHM  o6pa30M,  aBTOpbi  [3]  noKa3ajin,  hto  Thus,  the  authors  [3]  have  shown  that 
bo3moxho  co3^aHMe  FlOE  c  ncnojn>30BaHneM  3$~  it  is  possible  to  design  POB  using  the 
<J)eKTa  Oapaaea  h  ajieicipnuecKoh  oEparHon  cbh3h.  Faraday  effect  and  the  electric  feedback. 

KpoMe  yKa3aHHbix  npnOopoB,  b  ^oKJia^e  Besides  the  given  devices,  the  POB 
npHBe^enbi  ycTponcTBa  ITOE,  pa3pa6oTaHHbie  devices  developed  by  the  author  and  his 
aBTopoM  c  coTpyziHHKOM.  B  uacTHOCTH,  paccMOT-  co-worker  are  considered  in  the  presen- 
peHbi  cxeMbi  flOE  c  Hcnonb30BaHHeM  MarHHT-  tation.  In  particular,  there  are  analysed 
hoh  nnct)paKUHOHHOH  peuieTKH  n  He-Ne  Jia3epa  POB  circuitry  with  the  use  of  magnetic 
c  BHyrpHpe30HaTopHon  HueHKon  cf>apanea.  B  noc-  diffraction  grating  and  He-Ne  laser  with 
jie/meM  ajieMeHTe  b  3aBHcwMocrH  ot  BejwuHHbi  an  inside-resonator  Faraday  cell.  The 
namaioiuen  Ha  o6pa3eu  moiuhocth  npowcxo^HT  latter  element  provides  polarization  state 
nepeKJiioueHHe  coctohhhh  nojiapH3aunH  c  t+  Ha  switching,  from  x+  to  t~  and  vice  versa, 
t"  h  Hao6opoT.  depending  on  the  incident  power. 

PaccMorpeHHbie  nOE  ajieMeHTbi  npw  coot-  The  POB  elements  above  can  be  used 
BeTCTByioiuew  onimurauMH  Moryr  Hawra  npHMe-  (after  corresponding  optimization)  as 
HeHHe  K3K  KOMnoneHTbi  onwiecKMX  KOMnbiorepoB,  components  of  optical  computers,  commu- 
CHcreM  CB33H,  onTHuecKHX  nepeKJnouaTejieH  h  t.£.  nication  systems,  optical  switches,  etc. 
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1.  Bse/teuHe  1.  Introduction 

Coo6mecTBO  nojib30BaTejieM  nacTOTHbix  /ma-  The  user  community  of  electromag- 
na30HOB  3M  bojih  ot  YHH  ao  BYOH  SbicTpo  netic  frequency  bands  within  the  ULF  to 
pacTer;  oji eicrpoM aranTHbi Pi  cneKTp  Bee  6ojiee  yn-  FUV  bands  is  rapidly  increasing;  and  the 
jioTHBeTCH  b  cooTBeTCTBHH  c  pacnpe^ejieHHeM  am-  electromagnetic  spectrum  is  being  over- 
ana30HOB,  npHBOAn  k  npnMOM  KOHtjjpoHTaitHH  taxed  in  providing  required  band  allocations, 
mokay  aKTOBHbiM  h  naccHBHbiMH  nojib30Baiejib-  resulting  in  direct  confrontations  between 
ckhmh  rpynnaMM.  AkthbhcW  nojib30BaTejibCKan  the  active  and  the  passive  user  groups.  The 
rpynna  BKJiiouaeT  b  ce6n  HHAycTpmo  HaaeMHOH-  active  user  group  includes  the  entire  terres- 
KOCMHMecKOH  Mo6MJibHOH  Tejie-BHAeo  KOMMyHH-  trial-space  &  mobile  tele/video-communi- 
KartHH,  TeaeHaBHrauHio,  BoopyxceHHbie  chjibi  h  cations  industry,  tele-navigation,  the  military 
coo6mecTBo  aicrHBHoro  AHCTaHmroHHoro  3ohah-  and  active  remote  sensing  communities, 
poBaHHH,  HHTepecbi  KOTOpbix  Bee  6oJiee  m  6ojiee  whose  interests  among  themselves  are 
cranKMBaioTCfl  Mexny  co6om,  TpeSyn  CHHXceHHa  colliding  increasingly,  requiring  introduction 
ypoBHfl  noMex.  B  crarbe  paccMarpHBaioTca  3th  of  RFI  reduction.  An  introduction  to  these 
BaxHbie  acneKTbi  oriecneueHHn  B03MOXHOCTen  highly  important  aspects  of  securing  our 
Ha3eMHoii -KOCMHuecKon  MorimibHOM  Tejie-BHAeo  capabilities  in  terrestrial  space-tele/video- 
KOMMyHMKaitMH  h  HaBHrauMH,  a  Tax  )Ke  3aaan  bo-  communications  &  navigation  as  well  as 
eHHoro  o630pa  m  MOHUTOpunra  H3MeHeHHM  ok-  in  military  surveillance  and  environmental 
pyxaiomeM  cpenbi  Ha  3eMJie,  c  B03Ayxa  h  M3  koc-  stress  change  monitoring  at  ground,  from 
Moca.  air  and  space  is  given. 

2.  <I>oh  2.  Background 

CooSmecTBo  nojib30BaTejieft  nacTOTHbix  ah-  The  user  community  of  the  electro- 
ana30H0B  3MB  ot  YHM  a o  BYOH  ribicTpo  pac-  magnetic  frequency  bands  within  the 
TeT;  h  ecmecmeembiu  ojieKmpoMaenumHbiu  cneicmp  ULF-band  to  the  FUV-band  is  rapidly 
(NES)  -  OAHH  H3  camix  ocHOBHbix  pecypcoB  -  increasing;  and  the  natural  electromagnetic 
Bee  6ojiee  ynjioTHaexca  b  cooTBeTCTBHH  c  pac-  spectrum  (NES)  —  one  of  the  most  funda- 
npeAejieHHCM  Awana30HOB.  3to  npHBejio  k  npn-  mental  Resources  —  is  being  overtaxed  in 
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MOM  KOH(})pOHTaUHH  Me>K£y  aKTMBHbIM  H  naCCHB- 
HbiMH  nojib30BaTejibCKHMH  rpynnaMH.  AKTHBHaa 
nojib30BaiejibCKaH  rpynna  BKJiiOHaeT  b  ce6a  hh- 
UyCTpHlO  Ha3eMHOH-KOCMHHeCKOM  MOGHJIbHOH 
Tejie-BHfleo  KOMMyHHKaitHH,  TejieHaBHrauHK), 
oxBaTbiBafomyio  aM epHKaHCKyio  GPS  (rnoSajib- 
Haa  cHCTeMa  onpe/ie;ieHM5i  MecTonojiojKeHHfl), 
poccuHCKyio  GLONASS  (rjiobajiBHas  HaBHraim- 
OHHaa  cnyTHHKOBafl  CHCTeMa),  h  eBponencKyio 
GNSS  (rJio6ajibHan  HaBHrauHOHHan  cnyrHHKO- 
Baa  CHCTeMa),  obopoHHoe  h  npyrne  coobmecTBa 
aKTHBHOTO  flHCTaHUHOHHOrO  30H^Mp0BaHHH, 
HHTepecbi  KOTOpbix  Bee  6ojiee  ctbji kh BaiOTca  c 
Poctom  HacTOTbi,  nocKojibKy  HMeiomHeca  qac- 
TOTHbie  AHana30Hbi  yxe  HeuocraT ouhm  jjjm  yaoB- 
jieTBOpeHHa  Bcex  noTpe6HOCTeH.  HHTepecbi  nac- 
chbhoto  no^b30BaiejibCKoro  HanpaBJieHHB, 
oxsaTbiBaiomero  aapoHOMHio,  paanoacTpoHo- 
MHK),  naCCHBHOe  30H,Zmp0BaHMe  B  6jlHXHeH  H 
aanbHeM  30He,  Tax  )xe  BCTynaiOT  b  koh(J)jihkt, 
nocxojibKy  pa^HoacTpOHOMHH  h  no  6ojiliiioh 
nacTH  aapoHOMHH  HanpaBJieHa  bobhc  -  k  ruia- 
HeiaM  h  rajiajcmKe,  Toma  xa k  6opTOBbie  h  cnyr- 
HHKOBbie  MHoropexHMHbie  CHCTeMbi  naccMBHoro 
H  aKTHBHOTO  anCTaHUHOHHOrO  30HAHp0BaHHH 
HanpaBJieHbi  BepTHKajibHO  BHH3  -  Ha  3eMJiio, 
HTO  Taoce  npHBHOCHT  nOMeXM  aKTHBHbIM  n0JIb30- 
BaTejibCKHM  rpynnaM.  KpOMe  toto,  6MCTpan  3K- 
cnaHCHB  CHCTeM  moSmjibhom  CBH3H  (ot  y3Kono- 
jiochhx  uo  Cllin)  co3aaeT  xaoc  h  3aroH»eT  Hac 
b  HeH36e^KHbiw  TynHK.  IIoaTOMy  Heo6xoaHMO  He- 
MeaaeHHO  HaqaTb  peuienHe  npobaeM  pacnpeae- 
aeHHa  qacTOT  h  nacTOTHbix  anana30H0B  (c  yqe- 
TOM  TaKHX  COBpeMeHHbIX  nepeaOBblX  UH(})pOBbIX 
MeToaoB  KaK  uH<i)poBoe  <J)opMHpOBaHHe  jiyqa 
aHTeHHbi,  HH<i)poBoe  KoanpoBaHMe  h  xoppejia- 
mra),  h  yMeHbiueHHa  noMex  npn  im(})poBOM  Be- 
nxaHHH.  Xoth  ao  HacToamero  BpeMeHH  Hcnojib- 
30BaHHe  saeKTpOMarHHTHoro  cneKTpa  npn 
aHCTaHHHOHHOM  30HaHp0BaHHH  6bUIO  3KOHOMH- 
necKH  a6coaiOTHo  He)KH3Hecnoco6Ho  h  Mo^xeT 
ocraBaTbca  HeBbiroaHbiM  npeanpHameM,  Mbi  Tpe- 
6yeM,  moSbi  6bia  npHHAT  coBepmeHHO  hobbih 
noaxoa.  3to  Morao  6bi  03HaqaTb  aonoaHHTeabHbiM 
Haaor  npn  Hcnonb30BaHHH  NES  KOMMepuecKH- 
mh  noab30BaieaaMH,  mto6m  o6cay>KHBaTb  h  hc- 
noab30Barb  anana30Hbi  aaa  naccMBHoro  h  axrHB- 
HOTO  aHCTaHUHOHHOrO  30HaHp0BaHHH;  3T0 
HyacHo  cHHTaTb  onpaBaaHHOM  MepoH,  ecan  mm 
xothm  HenpepbiBHO  h  b  noaHOM  MacuiTa6e  koh- 
TpoanpoBaTb  3aopOBbe  naaHeTbi  3eMaa;  h  aaace 
«coepeMeuHbiu  mejieKOMMymKaupombiu  KOMnneKC» 
He  CMoaceT  oTpHuaTb  3Toro.  Mbi,  naenbi  coo6- 
mecTBa  ancTaHiiMOHHoro  30HanpoBaHHa  aoaac- 


providing  the  required  frequency  band 
allocations.  This  has  lead  to  direct 
confrontations  between  the  active  and  the 
passive  user  groups.  The  active  user  group 
includes  the  entire  terrestrial-space  & 
mobile  tele/video-communications 
industry,  tele-navigation  including  the  US 
GPS  (Global  Positioning  System),  the  RF 
GLONASS  (GLObal  NAvigation  Satellite 
System),  and  the  EU  GNSS  (Global 
Navigation  Satellite  System),  the  defense 
and  other  active  remote  sensing  commu¬ 
nities,  whose  interests  among  themselves 
are  colliding  with  increasing  frequency 
because  the  available  spectral  bands  are 
not  sufficient  for  satisfying  all  needs.  The 
passive  user  group  consisting  of  aeronomy, 
radio-astronomy  and  of  passive  near- field 
sounding  &  far-field  remote  sensing  are 
also  colliding  because  radio-astronomy 
and  in  great  parts  aeronomy  are  directed 
outward  toward  the  planetary  and  galactic 
space,  whereas  airborne  and  shuttle/satellite 
multi-modal  passive  and  active  remote 
sensing  is  looking  down  close-to-nadir 
on  the  terrestrial  covers,  which  tends  to 
add  to  the  interference  by  the  active  user 
groups.  Furthermore,  the  rapid  increase  of 
expanding  narrow-band  to  ultra-wide¬ 
band  mobile  communication  is  creating 
havoc  and  an  unavoidable  impasse.  There¬ 
fore,  the  entire  issue  of  frequency  allocation 
and  radio  spectral-band  sharing  coupled 
with  modem  advanced  digital  techniques, 
such  as  digital  antenna  bean  forming,  digital 
coding  and  correlation  plus  digital  radio 
frequency  interference  reduction  must  be 
re-addressed  totally.  Although  hitherto 
remote  sensing  utilization  of  the  electro¬ 
magnetic  spectmm  was  absolutely  not  an 
economically  viable  and  may  remain  less 
profitable  venture;  we  request  that  an 
entirely  new  approach  be  adopted.  This 
could  mean  to  levy  a  surcharge  for  the 
use  of  NES  from  the  commercial  users 
for  maintaining  and  operating  the  passive 
and  active  remote  sensing  and  monitoring 
bands,  which  must  be  considered  a  justified 
measure  in  order  to  be  able  to  monitor 
on  a  permanent  un-interrupted  time-scale 
the  health  of  planet  Earth;  and  even  the 
"Modern  Telecommunications  Complex" 
cannot  deny  that  it  relies  on  it.  We,  the 
passive  &  active  remote  sensing  community, 
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Hbi  npHHHTb  Ha  ce6n  npo<j)eccHOHajibHbiH  CTa-  we  must  consider  ourselves  to  be  therefore 
Tyc,  no,npa3yMeBaK>mnH  ^eaxejibHocTb  b  Kane-  given  the  astute  Professional  Status  with 
CTBe  «namoA02oe  u  paduosioeoe  npu3ejiiHou  oicpy-  the  innate  responsibility  of  functioning 
otcatomeu  cpedbi» ,  h  BHHMarejibHo  cjie^HTb  3a  as  the  " Pathologists  and  Radiologists  of 
HenpaBHJibHbiM  ncnojib30BaHHeM  « ecTecTBemio -  the  Terrestrial  and  also  Planetary  Environ- 
ro  ajieKTpOManiHTHoro  cneicrpa  (NES)»,  koto-  ments",  and  be  entrusted  to  keep  a  watchful 
pbiH  HyxcHO  .aeMCTBHTejibHO  paccMarpMBaTb  Kax  eye  on  the  misuse  of  the  "Natural  Electro- 
oflHo  H3  caMbix  6ojibuiHX  «CBameHHWx  coKpoBHm  magnetic  Spectrum  (NES)",  which  is 
h  pecypcoB  luiaiieTbi  3eivuw».  QnHaxo,  3arp5i3He-  indeed  to  be  sanctified  as  one  of  the  most 
Hwe  cpeabi  pacnpocrpaHeHHH  «NES»  He  nanaeT-  "sacred  treasures  and  resources  of  Planet 
ch  HeofiparaMbiM;  ceroAHH  erne  moxcho  npetmpH-  Earth".  However,  propagation  space 
HflTb  Mepbi  k  TOMy,  HToGbi  nojiHOCTbio  H3MeHHTb  pollution  of  "NES"  is  not  irreversible;  and 
TCHaeHHHio,  6oJiee  oiJxJ^kthbho  HcnojiK3yH  cneicrp,  still  today  measures  can  be  taken  to  reverse 
onwpancb  Ha  nporpecc  b  UH(J)poBbix  KOMMyrnncaim-  the  trend  by  implementing  more  efficient 
ax  h  HOBbie  Meroabi  cumKenna  PH  noMex.  spectrum  utilization  based  on  advances  in 

digital  communications  and  novel  RF 
interference  reduction  techniques. 

3.  CneKTpajibHbiH  (Jjoiiobwm  myM  b  3.  Spectral  Background  Noise  of 

ocnoBHbix  aacTOTHbix  Anaiianniax  Major  Frequency  Bands  of  the 

ecTecTBeHHOH  ajieKTpoMarHHTHOH  cpe/ibi.  Natural  Electromagnetic 

a  TaioKe  hctomhmkh  HCKyccTBeimoro  Environment,  and  its  Man-Made 

uiyMa  h  noMex  Noise  and  Interference  Sources 

HocKOJibKy  ypoBeHb  3M  myMa  uwBHJiH3auHH  As  the  electromagnetic  noise  levels  of 
B03pacTaeT  TpeBoxcHbiMH  TeMnaMH  bo  BceM  mh-  civilization  are  increasing  worldwide  at 

pe,  BaxcHO  BOCcraHOBHTb  uacT0TH03aBHCHMbie  an  alarming  pace,  it  is  essential  to  recover 

xapaKTepHCTHKH  ecTecTBeHHOH  3M  myMOBOH  the  frequency-dependent  characteristics  of 

cpe^bi,  eipe  ne  eornymeunou  u,ueunu3au,ueu,  bo  the  natural  electromagnetic  noise  environ- 

BceM  cnexrpe  c  MaxcHMajibHO  bo3Moxchoh  toh-  ment  -  unperturbed  by  civilization  —  across 

HocTbio.  riojiHbiH  3JieicrpoMarHHTHbiH  cneKTp,  its  entire  spectrum  and  as  accurate  as  it 

BKjnouan  ero  e cTecTBeH huh  (jioHOBbiH  myM  h  still  can  be  done.  The  entire  electromagnetic 

noBeneHHe  pe30HaHC0B  (coficTBeHHbix  nacTOT),  spectrum  inclusive  its  natural  background 

HyxcHO  coxpaHHTb  Kax  He3aMeHHMbiH  «(JiyimaMeH-  noise  and  resonance  (eigen-frequencies) 

TanbHbiH  iipHpoAHbiii  pecypc»,  KOTOpbin  aojixceH  behavior  must  be  treasured  as  an  irre- 

6biTb  3amnmeH  ot  Bpe^Horo  aHTponoreHHoro  placeable  "fundamental  natural  resource” 

myMa  n  npyroro  HenpaBHJibHoro  Hcnojib30Ba-  that  must  be  protected  from  erroneous 

hhh.  Moxcho  cKa3aTb,  hto  He  cymecTByeT  Ka-  anthropogenic  noise  and  other  blatant 

Koro-Jinbo  oahoto  AHana30Ha,  b  kotopom  Te  misuse.  It  is  safe  to  state  that  there  does 

hjih  flpyrne  npupo/tHbie  reo(})H3H4ecKHe  nBJie-  not  exist  a  single  spectral-band  within 

hhb,  Kacaiomwecfl  3eMHbix  noxpoBOB,  He  06-  which  one  or  the  other  natural  geo- 

jia^ajm  6bi  hbho  cBH3aHHbiMH  3JieKTpOMarHHT-  physical  phenomena  within  the  terrestrial 

HbiMH  pe30HaHcaMH  HacTojibKO  xte  cjia6biMH,  covers  do  not  possess  explicitly  associated 

HacKOjibKo  xce  BaxcHbiMH  tuiH  MOHHTopMHra  3no-  electromagnetic  resonances  as  weak  as 

poBbH  nnaHeTbi  3eMJm.  Hio6bi  oueHMTb  bjiha-  those  might  be  but  essential  they  are  for 

HHe  B03pacTaiomero  myMa  h  noMex  Ha  nponB-  monitoring  the  health  of  planet  Earth.  In 

jieHHfl  ecTecTBeHHOH  HeB03MymeHH0M  cpettbi  order  to  assess  the  deteriorating  noise 

pacnpocTpaHeH hh  h  AHcraHUHOHHoro  30HAHpo-  and  RF  interference  on  the  effects  on 

BaHHB,  BaxcHo  onpe^e^HTb  cpemme  h  MaKCHMajtb-  the  natural  unperturbed  propagation 

Hbie  xapaicrepHCTHKH  ecrecTBeHHoro  cneicrpa  bo  space  and  remote  sensing,  it  is  essential 

BceM  uacTOTHOM  anana30He,  nocKOJibxy  jik>6om  to  establish  the  average  and  peak  natural 

qacTOTHbiii  Anana30H  MoxceT  6bm>  BCKope  ncnojib-  spectral  characteristics  across  the  entire 

30BaH  b  uejwx  pacuiHpmomnxca  noTpebHOCTen  finite  EM  spectrum;  because  every  pos- 

HejiOBexa  b  ofijiacra  cbb3H.  floaTOMy,  cHanana  sible  frequency  band  will  soon  be  utilized 

onpeAejunoTCH  ocHOBHbie  cneKTpajibHbie  ofijia-  for  satisfying  man's  ever  expanding  com- 
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era  3M  cneKTpa  coBMecrao  c  xapaKTepncra- 
xaMH  cymecTByiomero  epejmero  ecTecTBeHHo- 
ro  4>oHOBoro  inyMa  b  ,aHana30Hax  ot  YHH/HH 
jx o  HK/BCT/YO,  Hcnojib3yeMbix  b  coBpeMeH- 
HblX  TeXHO^OrHflX  AJIH  JXMCTaHUHOHHOrO  30H,aM- 
poBaHHH  oKpyxaiomeM  cpe^bi,  jsjw  nepe^ann 
HH(J)OpMaUHM  H  HaBHraUHH,  B  UeJIHX  BOeHHOrO 
h  rpaMaHCKoro  Ha6jno,aeHHH.  XapaKTepHbie 
CBOHCTBa  cneKTpa  aHajiH3HpyiOTCH  no  oT^ejib- 
hocto,  nocjie  nero  cfiopMHpyKyrcfl  ycpe^HeHHbie 
Tafijmubi  h  rpatfinKH  <})OHOBoro  inyMa;  onpe^e- 
JIHIOTCfl  OCHOBHbie  MCT04HHKM  HCKyCCTBeHHOrO 

myMa  h  noMex,  njm  Toro,  4To6h  oneHHTb  Kpn- 
Tepnn,  HeoSxo/mMbie  jura  npaKrauecKoro  h  bm- 
roflHoro  Hcnojib30BaHH5i  3M  OKpyxcaiomeH  epe- 
ju>i.  B  SjinxaMmeM  6yoymeM  Heobxo/uiMO  6yaeT 
onpeAeuHTb  tot  Kpyr  nojib30BaTejreM,  KOTOpbiM 
hojdkho  6bra>  3anpemeHo  Hcnojib30BaTb  orapbi- 
Tbin  3^)Hp,  a  npezmoKeHO  nojib30BaTbca  Tojib- 
KO  KOHTHHeHTaJlbHOH  M  TpaHCKOHTMHeHTaJIb- 
HOM  OnTOBOJIOKOHHOH  CeTbK),  KOTOpafl  He  co3,zraeT 
noMex,  oSjiajaeT  orpoMHon  itojiocoh  nponyexa- 
hhh,  ycTpaHHeT  HeKOHTpojiHpyeMoe  3arpH3He- 
HHe  oTKpbiTow  cpeflbi  pacnpocTpaHeHHH  3M 
bojth,  ho  Bee  eme  HeflocTarouHO  Hcnojib3yeTCH. 


a)  3jieKTpoMarHHTHbie  cneKTpbi  b  AHana30Hax 

rHH/YHH/HH:  ot  10  5  no  10+s  Tu 

HacTOTHan  3aBHCHM0CTb  ycpe^HeHHbix 
cneKTpajibHbix  xapaierepHcraK  b  lqhpokom  w&- 
na30He  ecrecTBeHHoro  3M  MajiyueHrra  smmcchh 
3eMHbix  noxpoBOB  m  noBepxHOCTH  H3yneHa  Hejro- 
cTaTOHHo,  b  oco6eHHocra  ee  6ojiee  HH  nacTb 
cneicrpa.  Ee  onpejrejieHMe  cTaHOBHTCH  Bee  6o;iee 
6e3Haae>KHbIM  C  POCTOM  U,HBHJIH3aiI,HH ,  ecjm  wm 
3Toro  He  6yayr  BbmejieHbi  h  caHKiiHOHHpoBa- 
hh  OOH  «30Hbi  (yqacTKH)  3JieKTpOMarHHTHoro 
M0JI4aHHH»  KaK  O&beKTbl  'MHpOBOrO  npHpOflHO- 
ro  HacjieAHa'.  CneuHajiHCTbi  b  o6;iacra  aspoHo- 
MHH  HaiHJIH  H  MfleHTH^MUMpOBajIH  HeCKOJIbKO 
H30JiHp0BaHHbix  <ostefcmpoMa8HumHO  muxuxyna- 
cmKoe»  mi h  onpe^ejieHHB  'ycpeAHemioro  aMn- 
JiHTyAHoro  cnempa  h  cneKTpa  moiuhocth',  b  na- 
cthocth  ajia  THH/yHH/HH  flwana30H0B.  Ton- 
ho  TaK  )Ke  oflHOH  M3  ochobhmx  uejieH  B 
pa^MoacTpoHOMMH  HBJiaeTCH  onpe,aeneHHe  'ne- 
603MymeHHbtx  paduo-cueuamyp ',  ao  Toro,  KaK  co- 
BpeMeHHan  irHBHJIH3aUMfl  HaJIO)KHT  Ha  hmx  cbom 
oraenaTOK. 


munication  needs.  Therefore,  first  an 
identification  of  the  major  spectral  regions 
of  the  electromagnetic  spectrum  is  provided 
together  with  the  currently  established 
average  natural  background  noise  charac¬ 
teristics  from  the  ULF/ELF  to  the  IR/OPT/ 
UV  frequency  bands  utilized  by  modem 
technology  for  remote  sensing  the  natural 
environment,  for  information  transfer  and 
navigation,  and  for  defense  and  civil  survei¬ 
llance.  Its  characteristic  properties  are 
analyzed  separately  providing  currently 
approved  averaged  background  noise  tables 
and  graphs;  and  major  sources  of  man¬ 
made  noise  and  interference  are  identified 
in  order  to  be  able  to  assess  the  perfor¬ 
mance  criteria  for  the  truly  necessary  and 
beneficial  uses  of  the  electromagnetic 
environment.  In  the  near  future,  we  need 
to  scrutinize  those  users  that  should  be 
excluded  from  free  propagation-space 
operations,  and  that  can  be  relegated  to 
the  exclusive  utilization  of  the  continental 
and  trans-continental  non- interfering 
optic-fiber  network,  which  possesses  exces¬ 
sive  bandwidth,  is  still  highly  under-utilized, 
and  eliminates  unwarranted  pollution  of 
the  open  propagation  environment. 

a)  Electromagnetic  Background  Spectra 

within  GLF/ULF/ELF  Bands:  10  s  to 

10+s  Hz 

The  frequency-dependence  of  the 
averaged  spectral  characteristics  over  a  wide 
frequency  band  of  natural  electromagnetic 
emissions  within  the  Earth's  covers  and  its 
surface  are  not  well  known  —  especially 
not  toward  the  lower  end  of  the  spectmm. 
Its  determination  becomes  ever  more 
hopeless  with  an  increasing  civilization 
unless  isolated  "electromagnetic  quiet  zones 
(sites)"  are  being  identified  and  are  being 
sanctioned  as  such  to  becoming  permanent 
'  World  Natural  Heritage  Electromagnetic 
Ground-truthing  Quiet  Sites'  by  the  United 
Nations.  Aeronomists  have  sought  for  and 
identified  a  few  isolated "  electromagnetically 
quiet  sites "  for  establishing  the  'Average 
Amplitude/Power-Spectra',  especially  for 
the  ULF/ELF/VLF  spectral  bands. 
Similarly,  one  of  radio  astronomy's  prime 
goals  is  to  determine  the  'virgin  radio 
signatures'  before  modem  civilization  was 
perturbing  it. 
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b)  EcTecTBeHHwe  3M  xapaierepHCTHKH  b 

cneKTpajibHOM  Anana30He  ot  YHH  ao 

m/CH/m 

CoAiieuubie  h  Ha3eMHbie  hctomhhkh:  ochob- 
HOM  HCTOUHHX  eCTeCTBeHHOFO  3M  (})OHOBOro 
UiyMa  BbI3B3H  HaBe^eHHblMH  COJIHUeM  TOKaMM 
b  3eMJie  h  b  HOHOC(})epe,  KOTopbie  3HauHTeAb- 
HO  OTAHUaiOTCfl  OT  TOHXM  K  TOUXe,  H  CHAbHO 
3aBHCHT  OT  aKTHBHOCTH  COAHeMHblX  nATeH.  Cy- 
meCTByeT  HeCKOJlbKO  Ha3eMHbIX  H  enyTHHKOBbIX 
cHCTeM,  o6ecneMHBaioiUHX  Ha^e^CHbie  nouaco- 
Bbie  h  oiceflHeBHbie  H3o6paxeHHA  coAHeuHbix 
nHTeH,  a  Taoce  hx  npomo3bi,  KOTopbie  o6cjiy- 
xHBaiOTCfl  NOAA;  bch  MH^opMauHH  AOCTyima 
B  MH(j)OpMaUHOHHOM  UeHTpe  COJIHeHHOH  M  IlpH- 
3eMHOM  cj)M3MKH  (NOAA)  b  EoyAAepe. 
rjiybHHHoe  3oimjHp0BaHHe  h  GPR:  b  3thx  cnexr- 
paBbHbix  o6jiacTflx  3eMHafl  Kopa  h  ee  reoAorn- 
uecxne  cjioh  xapaxTepH3yK>TCA  qeTXMM  pe30- 
HaHCHbiM  noBe^eHHeM,  to  ace  caMoe  othochtca 
k  njioTHOM  TponwqecKOM  pacTHTejibHocra  b  Bep- 
xneft  qacTH  AHana30Ha  BH. 

CHCTeMbI  nOAnOBepXHOCTHOTO  30HAHp0BaHHH 
(GPR)  Mcnojib3yeTc«  yueHbiMH  h  npaxraxaMH 
AAA  uccjieAOBaHHH  npunoBepXHocTHoro  caoa 
3eMJiH  h  MCKyccrBeHHbix  crpyicryp.  GPR  HMeer  Haw- 
jiyquiee  pa3peineHHe  xax  recxf)M3HHecxM m  HHcrpy- 
MeHT  Hepa3pyuiaiomero  noAnoBepXHocTHoro  mc- 
cJieAOBaHHB.  KpoMe  Toro,  stot  motor  ~  oahh  H3 
oqeHb  HeMHomx  rec4>H3HHecxMx  mctoaob,  cnocob- 
Hbix  K  oSnapyxeHHio  tukhx  HeMeraAAHnecxHX 
oGbeKTOB  H  AM3JieKTpHqeCKMX  KOHTpaCTOB,  KaK 
opraHHMecxoe  xHMMuecxoe  3arpH3HeHne,  ruiacTH- 
xoBbie  MHHbi,  ruiacTMaccoBbie  rnoBbie  Tpy6  h  on- 
TOBOJioxoHHbie  xa6e/iw.  JXhr  3fJx}>exTHBHoro  npo- 
hhxhobchha  b  3eMJiK)  GPR  cHcreMbi  pafioTator  B 
AnanaaoHe  ot  acchtkob  Merarepu  ro  HecxoAbKHX 
rurarepu.  (Tzmaxo  Bbicoxoe  pa3pemeHne  Tpe6yeT 
niMpoxoH  nojiocbi  nponycxaiiHA,  xoropyio  Aerae 
peanH30BaTb  Ha  6o;iee  bbicoxhx  uacrorax.  JXrr  aoc- 
TPDxeHMA  xoMnpoMHcca  GPR  CHcreMbi  pa3pa6a- 
TblBaiOTCB  TaXHM  0fipa30M,  HToSb]  paSoTaTb  b 
pa3JiH4Hbix  Awana30Hax,  cocpeaoToqeHHbix  ot  10 
Mru  ao  3  FFu,  xorAa  orHocuTeAbHaa  nojioca  npo- 
nycxaHHA  b  xaagtoM  AHana30He  npeBbimaeT  100%. 
IIpOHHKHOBeHHe  CKB03b  paCTHTeJlbHOCTb  h  oneH- 
xa  fiHOMaccbi  iiAOTHbix  TponHqecKHX  A*yHrjiefi: 
Hah  oneHb  raothom  h  cMAbHO  npoBOAflmeft 
pacTHTeAbHocTH ,  ripoH3pacTaK>meft  b  Tponnuec- 
XHX  A>XyHTAAX,  TpefiyeTCA  aXTHBHOe  AHCTaHUH- 
oHHoe  30HAHp0BaHne  Ha  TaxMX  ace  HH3XHX  qac- 
TOTax  xax  BepXHHA  nacTb  BM  h  6oAee  HH 
cnexTpaAbHbie  o6AacTH  YKB,  npw  3tom  aah 


b)  Natural  Electromagnetic  Characteris¬ 
tics  within  the  ULF  to  LF/MF/HF 

Spectral  Region 

Solar-Terrestrial  Sources:  The  major 
natural  electromagnetic  background  noise 
emissions  are  generated  by  solar-induced 
currents  in  the  ground  as  well  as  in  the 
ionosphere,  which  differ  widely  from  point 
to  point,  and  are  strongly  dependent  on 
sun-spot  activity.  There  exist  now  several 
ground-based  as  well  as  satellite  systems 
providing  reliable  hourly  and  daily  sunspot 
images  as  well  as  prediction  data,  which 
are  maintained  by  NOAA,  and  information 
is  available  at  the  NOAA  Solar-Terrestrial 
Physics  Information  Center  at  Boulder. 
Deep-Sounding  and  GPR:  The  Earth’s 
crust,  and  its  geologic  layers  possess  very 
distinct  resonance  behavior  in  these 
spectral  regions,  and  so  does  dense  tropical 
vegetation  at  the  upper  HF-Band. 

Ground  Penetrating  Radar  (GPR) 

systems  are  used  by  scientists  and  practi¬ 
tioners  to  explore  the  shallow  subsurface 
of  the  earth  and  probe  into  man-made 
structures.  GPR  has  the  highest  resolution 
of  any  geophysical  tool  for  non-invasive 
subsurface  investigation.  In  addition,  it  is 
one  of  the  very  few  geophysical  methods 
capable  of  detecting  non-metallic  objects 
and  dielectric  contrasts,  such  as  organic 
chemical  contamination,  plastic  land 
mines, plastic  gas  pipes  and  fiber  optic 
cables.  To  penetrate  the  ground  effectively, 
GPR  operates  within  a  frequency  range 
from  tens  of  Mega-Hertz  to  several  Giga- 
Hertz.  However,  high  resolution  requires 
a  broad  bandwidth,  which  is  easier  to 
achieve  at  higher  frequencies.  In 
addressing  this  compromise,  GPR  systems 
are  designed  to  operate  across  many 
different  frequency  bands  centered  from 
10  MHz  to  3  GHz,  with  each  band  having 
a  fractional  bandwidth  exceeding  100%. 
Vegetation  Penetration  and  Biomass 
Estimation  in  Dense  Tropical  Jungle 
Forests:  Very  dense  and  highly  conductive 
vegetation  which  resides  within  dense 
tropical  jungles  require  active  remote 
sensing  at  frequencies  as  low  as  the  upper 
HF  and  the  lower  VHF  spectral  domains, 
and  there  does  exist  the  realistic  demand 
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3T0H  uejiH  He  cymecTByeT  peaubHoro  cnpoca  Ha 
cooTBercTByiomHe  uacTOTHbie  anana30Hbi  b  pexn- 
we  pa3AejieHH5i  BpeMeHH.  npH  onpenejieHHbix  ocaa- 
Kax  H  COCTOHHHH  paCTHTeJlbHOCTH  IUIOTHbie  Tpo- 
nMHecKneaeca  Beayr  ceGa  xax  npoBoaamwe  riouBbi, 
n03T0My  AJI5I  aHCTaHUHOHHOrO  30HaHp0BaHHH  C 
Hcnojib30BaHHeM  SAR  HeoSxoanMo  pa3pa6oTaTb, 
no  KpaHHew  Mepe  6opTOBbie,  POL- SAR  cucreMbi 
Hanoao6ne  C  ARAB  AS,  paGoTatomew  b  ananaao- 
He  ot  (800  kFh)  1  Mru  ao  100  Mru  (200  Mru) 
(3aecb  caeayer  OTMeraTb  xopomo  BbinojiHeHHbiH 
BeGcaftT,  onHCbiBaioiUHH  cncieMy  CARABAS). 


for  making  available  pertinent  frequency 
bands  on  a  time-sharing  basis  for  this  pur¬ 
pose.  Under  certain  precipitation  and 
vegetation  conditions,  dense  tropical  jingle 
forests  behave  close  to  conducting  soils, 
and  for  SAR  remote  sensing,  we  need  to 
develop  -  at  least  -  airborne  POL- SAR 
Imaging  and  Sounding  systems,  similar  to 
CARABAS,  operating  within  (800  kHz)  1 
Mhz  to  100  MHz  (200  MHz);  and  we  refer 
here,  for  example,  to  the  well-done  web  site 
prepared  for  the  CARABAS  system. 


c)  EcTCCTBemibie  3M  xapaicrepHCTHKH  3eMHOH 

noBepxHocTH  h  pacTHTejibHOCTH  b  flHana30- 

Hax  OBH/YBH 

OcHOBHbIMH  HCTOHHHKaMH  eCTeCTBCHHOrO 
3M  (})OHOBoro  myMa  abjihiotch  HOHOC(J)epHbie 
hctohhhkh;  Tax  npn  pacnpocTpaHeHHH  uepe3 
MOHoc4>epy  npoHcxoflHT  H3MeHeHHe  nojiapH3a- 
Hhh  H3-3a  Oapa^eeBcxoro  BpaineHHn  h  ynmpe- 
HHe  cneicrpajibHbix  nonoc,  KOTOpbie  Moiyr  no- 
MernaTb  xa k  naccHBHOMy,  Tax  h  axTMBHOMy 
flHCTaHUHOHHOMy  30HiXHpOBaHHK)  B  3aBMCHMOC- 
th  ot  niMpoTbi,  ^onroTbi  h  BbicoTbi.  B  nHaimoHax 
OBH/YBH  3eMHan  noBepxHOCTb  c  nouBeHHbiMH 
H  CXaJIbHbTMH  CJIOHMH,  paCTHTeJIbHOCTblO,  BOfl- 
HbiM  (cHexcHbiM,  jie^oBbiM)  noxpbiraeM  oGjia- 
uaeT  HexoTopbiMH  ocoGmmh  xapaxTepncTHuec- 
khmh  pe30HaHcaMn  jjjjx  onpefleJieHHH  GHOMaccbi 
h  pacTHTejibHoro  noxpoBa,  a  Taxxce  onncaHHa 
napaMeTpoB  nouBbi.  Ecjih  b  nojinpHbix  h  cy6no- 
jinpHbix  apxTHHecxMX  h  KDXHbix  o6jiacT5ix  Gojiee 
BbTcoxne  K/X/(C)-^Hana30Hbi  MoryT  mteajibHO 
noAXo^HTb  mx  onpe^e^eHna  nenoBoro  (chok- 
hoto,  pacTHTejibHoro)  noxpoBa  c  noMombio 
GopTOBOH  (cnyTHHXOBOH)  SAR,  TO  GjIHXte  x 
3XBaT0pHajibH0My  noHcy  c  iijiothoh  pacraTejib- 
HocTbio  noTpeGyiOTca  Awana30Hbi  c  uacTOTaMH 
HH^xe  xpHTHnecxoM.  HanpHMep,  b  nonce  yMe- 
peHHbix  ninpoT  onTHMajibHbiMH  Moryr  GbiTb  C/ 
S/L-^nanaaoHbi;  a  jum  axBaTopwajibHoro  nonca 
nneajibHo  notfxo.miT  L/P/OBH/BH-Anana30Hbi. 
OaHaxo,  juin  AaTUHXOB  n  ycTpoircTB  OToGpa- 
xeHHH  cnyTHnxoBbix  SAR  HyxHa  6ojibman  oc- 
ToponcHocTb  npn  xoppexnnn  OapaneeBcxoro 
BpameHHn  h  yninpeHnn  cnexTpa  b  L-^Hana3o- 
He  n  HtDKe;  b  stom  oTHomeHHH  Gbui  ztocrarHyT 
Gojibinon  nporpecc.  OcHOBHbie  hctouhhkh  no- 
Mex  mx  naccHBHbix  pa^noMeTpnnecxHx,  a  Tax 
>xe  axTHBHbix  SAR  aaTnnxoB  h  chctcm  oroGpa- 
xceHnn  naxotuiTCH  b  aHana30Hax  cncTeM  cbh3H, 
TpaHcnopTHbix  h  HaBHraitnoHHbix  (GPS),  bo- 
eHHblX  CHCTeM  H  CHCTeM  6e30naCH0CTH.  Ochob- 


c)  Natural  Electromagnetic  Terrestrial 

Surface  &  Vegetative  Characteristics 

within  VHF/UHF  Bands 

The  major  contributors  to  the  natural 
electromagnetic  background  noise  are 
ionospheric  sources  and  especially 
propagation  through  the  ionosphere 
becomes  polarization-dependent  resulting 
in  the  Faraday  polarization  state  rotation 
and  spectral  band  widening  effects,  which 
can  impair  both  passive  and  active 
remote  sensing  severely  depending  on  the 
magnetic  latitude  and  longitude  plus 
altitude.  Within  the  VHF/UHF  Bands  the 
terrestrial  surface  with  its  soil/rock  layers, 
vegetation  and  water/snow/ice  covers 
possess  some  of  its  most  distinct  charac¬ 
teristic  resonances  for  biomass  deter¬ 
mination  and  vegetation  cover  plus  soil- 
parameter  description. Whereas  at  polar 
and  sub-polar  boreal  and  austral  regions 
the  higher  K/X/(C)-Band  spectral  bands 
may  be  ideally  suited  for  ice/snow/ 
vegetation  cover  determination  using 
air/space-bome  SAR,  the  closer  one  is 
monitoring  toward  the  equatorial 
densely  vegetated  tropical  belt,  the  lower 
the  critical  frequency  bands  become. 

For  example,  at  the  temperate  mid¬ 
latitude  belts  the  C/S/L- Bands  maybe 
optimal;  and  in  the  equatorial  belt  the 
L/P/VHF/HF- Bands  are  ideally  required. 
However,  for  space-borne  SAR  sensors 
and  imagers,  great  care  must  be  taken  in 
correcting  for  Faraday- Rotation  & 
Spectrum- Spreading  effects  at  the  L- 
Band  and  below;  and  very  decisive 
progress  was  made  in  this  respect.  The 
major  sources  of  interference  for  both 
the  passive  radiometric  as  well  as  active 
SAR  sensors  and  imaging  systems  are 
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Hbie  <|)M3HMeCKHe  3aKOHbI  IIpHpOflbl  flHKTyiOT  M 
nojiHOCTbio  n o/mepxH BaioT  3Tot  rio/ixo#;  h  He- 
3aBMCHMO  OT  H3BeCTHbIX  M  HOBblX  MeTO^OB  CHHXCe- 
hmh  PH  noMex,  Mbi,  Hjienbi  coo6mecmea  naccuenoeo 
u  atcmueuoeo  ducmanuMomoso  30Hdupoeamin ,  ,no;i- 
jKHbi  pa6oTaTb  b  HanpaRjieHHH  onraMH3auHH  na- 
CTOTHblX  AHana30H0B. 


d)  EcTecTBeHHwe  3M  xapairrepHCTHKH  CBH  h 

MM-BOJ1H 

B  3thx  ,aHana30Hax  cjioh  pacTHTejibHocTM 
.aeMOHCTpHpyiOT  pe30HaHCHoe  noBefleHne;  Ha- 
HMHaiOT  nOHBJIHTbCH  pe30HaHCbI,  o6yCJIOBJieH- 
Hbie  BOAHHbIMH  IiapaMH,  KOTOpbie  CTaHOBHTCH 

6ojiee  hbhmmh  npw  npHbjiHxceHHH  k  MO  cneK- 
TpajibHOH  o6jiacrH.  B  3thx  cneKTpajibHbix  jmana- 
30Hax  ocHOBHbie  ecTecTBeHHbie  3M  <j)OHOBbie 
cwrHaTypbi  onpenejimoTca  3<}><i>eKTaMH  Oapa- 
ueeBCKoro  BpameHHH  b  Hauaae  flHana30Ha,  a  b 
KOHue  ^wana30Ha  —  pe30HaHcaMH  aTMOC(j>epHbix 
ra30B  h  oKHaMH  3aTyxaHHH.  KaK  h  cjiejtoBario 
oxcM^aTb,  3Ta  cneKTpanbHaa  o6jiacTb  3M  cneK- 
Tpa  iuiotho  ynaKOBaHa,  ojmaKo  j\jm  mhohix  3a- 
aaq  jopacTaHUHOHHoro  30HjmpoBaHHH  oKpyxcaio- 
men  cpe^bi  Bee  xce  oueHb  BaxcHo  nojiyHHTb  ^ocryn 
k  pa3jiH4HbiM  y3KHM  m  cBepxuiHpoKHM  jmana- 
30HHbIM  OKHaM. 


e)  EcTecTBeHHoe  norjiomeHMe  h  pe30HaHCHbie 
CHrHaTypw  aTMOCcJiepHbix  h  Me30Ct|)epHbix 
o6ojiomck 

B  3thx  cneKTpajibHbix  jmarra30Hax  aTMoc(J>ep- 
Hbie  h  Me3oc(J)epHbie  ra3bi,  BKjnoqaH  Bojvmoti 
nap,  AeMOHCTpnpyiOT  xapaierepHoe  pe30HaHcnoe 
noBeaeHHe,  h  onpejtejiniar  «EcrecTBeHHbie  CHina- 
Typw  3M  cf)OHa»,  KOTOpbie  6e3ycnoBHO  jiojDKHbi 
oxpaHBTbca  m  6biTb  3aiUHiueHbi  ot  3Jioynorpe6- 
JfieHMfl  TeJieKOMMyHMKaUHOHHbIM  KOMnJieKCOM 
KaK  4>HKCHpOBaHHbIMH  H  JIHUeH3Hp0BaHHMMH 

HHana30HaMH,  no  KpaimeH  Mepe  turn  cbh3h  b  npe- 
ijejiax  aTMoc(})epbi  k  HOHOcc^epbi. 

f)  HoHocc|)epHbie  h  MarHHT0C(|>epHbie  ecTe- 
CTBemibie  CHruaTypw  h  3<Jn|>eKT  Oapa^eesc- 
Koro  BpameHHH 

MoHoccJjepHbie  n  MarHHTocchepHbie  c[)oho- 
Bbie  xapajcrepHCTHKn  hbjihiotch  HaHSoJiee  cy- 


definitely  the  Communications,  Trans  - 
port/Navigation  (GPS),  the  Defense  & 
Security  bands.  The  underlying  physical 
laws  of  nature  dictate  and  fully  support 
this  quest,  and  irrespective  of  various 
methods  of  available  and  near- future 
RFI  reduction  techniques,  we  -  the 
passive  &  active  remote  sensing  community 
—  need  to  acquire  our  own  permanently 
assigned  and  licensed  bands. 

d)  Natural  Electromagnetic  Microwave 
&  Millimeter-wave  Characteristics 

The  vegetative  layers  display  their 
most  distinct  resonance  behavior  in  these 
spectral  regions;  and  water  vapor  reso¬ 
nances  begin  to  appear,  which  become 
more  pronounced  as  one  approaches  the 
infra-red  spectral  domain. 

Within  these  spectral  bands  the  major 
natural  electromagnetic  background 
signatures  are  defined  by  the  Faraday- 
Rotation  effects  towards  the  lower  end, 
and  atmospheric  gaseous  resonances  and 
attenuation  windows  toward  the  upper 
end.  As  is  to  be  expected,  this  spectral 
region  of  the  electromagnetic  spectrum 
is  also  ram-packed,  yet  it  is  so  very 
essential  for  a  multitude  of  environmental 
remote  sensing  tasks  that  requests  for 
opening  up  various  narrow  and  also  some 
ultra-wide  band  windows  be  made  and 
realized. 

e)  Natural  Absorption  and  Resonance 
Signatures  of  the  Atmospheric  to 
Mesospheric  Covers 

Within  these  spectral  bands  atmos¬ 
pheric  to  mesospheric  gases  including 
water  vapor  display  their  characteristic 
resonance  behavior,  and  establish  the 
"Natural  Electromagnetic  Background 
Signatures",  which  must  definitely  be 
treasured  and  protected  from  the  blatant 
misuse  of  the  telecommunications 
complex  as  designated  and  licensed  bands 
at  least  for  communication  within  the 
atmospheric  to  ionospheric  covers. 

f)  Ionospheric  &  Magnetospheric 
Natural  Signatures  and  the  Faraday- 
Rotation  Effect 

Ionospheric  and  magnetospheric 
background  characteristics  are  most 
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mecTBeHHbiMH  (J>aKTopaMH  npH  npoeKTMpoBa-  essential  factors  in  designing  various 
hhh  pa3JiHHHbix  naccMBHbix  h  aKTHBHbix  chctcm  passive  and  active  remote  sensing  space- 
imcTaHUHOHHoro  30H^Hp0BaHHH,  a  Taioxe  6op-  borne  but  also  air-borne  monitoring  sys- 
tobmx  cncTeM  MOHHTopHHra,  b  ocobeHHOCTH  terns,  especially  when  operated  in  polar 
npw  ncnojib30BaHHH  b  npnnojiHpHbix  obnacTHX.  auroral  regions.  Of  specific  interest  is  the 
Ocobbin  HHTepec  OapafleeBCKMM  stfxfieKT  npefl-  Faraday  rotation  effect  to  the  operation 
CTaBJUieT  min  cmctcm  cnyTHHKOBbix  CBH3H,  06-  of  communication  and  remote  sensing 
3opa  m  flMCTamiHOHHoro  30HflHpoBaHHH  (nac-  plus  surveillance  satellites  —  passive  and 
cHBHbix  m  aKTHBHbix),  npH  3T0M  tipoboahtch  active,  and  considerable  studies  are  cur- 
HHTeHCHBHbie  HCCJieflOBaHHH  no  yMeHbineHHio  rently  being  conducted  on  how  to  reduce 
ero  bjihhhhh  Ha  opbHTajibHbie  cnyTHHKOBbie  the  effect  on  orbiting  satellite  microwave 
CBM  ceHcopbi.  sensor  systems. 

4.  TexHHqecKHe  cpeflCTBa  ajih  yMeHbiueHHH  4.  Technical  Means  of  Radio- 

pa^HonacTOTHbix  noMex  Frequency  Interference  Signal 

Reduction 

fljw  noflaBJieHHH  PM  noMex  b  pa3JiHHHbix  ah-  Various  spectral-band- dependent 
ana30Hax  6biJin  pa3pa6oTaHbi  cooTBeTCTByiouiHe  algorithms  were  developed  for  pertinent 
ajiropHTMbi;  b  HacTonmee  BpeMH  mx  TpebyeTCH  RF- Interference  reduction,  which  require 
oKOHuaTejibHO  onTHMH3HpoBaTb.  B  npHHUHne,  b  now  to  be  optimized  to  their  ultimate 
3thx  MeToaax  Hcnojib3yeTcn  no/iHpHMerpHHecKHH  perfonnance  levels.  These  techniques  make 
MeToa  yraa  npHxofla,  npHMeHHMbix  Kax  k  nac-  use, in  principle, of  polarimetric  angle  of 
chbhbim,  rax  h  aKTHBHbiM  flaTHHKaM.  npH  3TOM  arrival  techniques  applicable  to  both 
TexHOjiorHuecKHe  acneKTbi  HrpaiOT  oueHb  Ba»c-  Passive  versus  Active  Sensor  conside- 
Hyio  poab  h  HMeiOT  Gojibinoe  3HaneHHe.  HecMOTpn  rations.  Although  technological  aspects 
Ha  to,  hto  MeToabi  noaaBJieHHH  h  yMeHbiueHHH  play  a  very  major  role  and  are  of  para- 
PM  noMex  zuih  naccMBHbix  chctcm  aucraHUHOH-  mount  importance.  Whereas  RFI  reduction 
hoto  30HanpoBaHHa  6buiH  BnepBbie  pa3pa6oTa-  and  mitigation  techniques  for  passive 
Hbi  b  paanoacTpoHOMHH  m  YHM/HM  aspoHO-  remote  sensing  systems  were  first  developed 
mhh,  coodmecTBO  OBC/YBM/KBM,  CBM  h  mm  in  radio  astronomy  and  ULF/ELF 
BoaH,  Hcnoab3yiomee  naccHBHbie  MeToabi  30H-  aeronomy,  the  VHF/UHF/EHV,  micro- 
anpoBaHHa,  b  HacToamee  BpeMH  oueHb  6bicTpo  wave  &  millimeter- wave  passive  remote 
nporpeccHpyeT.  Jfjm  cncreM  aKTHBHoro  30Han-  sensing  community  is  now  catching  up 
poBaHHH  oneHb  MHoroe  6buio  caeaaH  coo6me-  very  fast.  For  active  remote  sensing,  great 
ctbom,  3aHHTbiM  pa3pa6oTKOH  BoeHHbix  PJIC;  progress  was  made  by  the  defense  radar 
3aecb  moxho  oTMeraTb  h  npouHTHpoBaTb  ochob-  community,  and  major  RFI  Reduction 
Hbie  MeToabi  yMeHbiueHHH  PM  noMex,  B3HTbix  techniques,  which  reside  within  the  open 
H3  oncpbiTOH  aHTepaTypbi.  IIoaaBaeHHe  noMex  h  literature,  deserve  to  be  summarized  and 
MeToabi  CHHaceHHH  PM  6e3onacHocTH  paccMaT-  cited  here.  RFI  reduction  and  RF 
pHBaiOTCH  OTaeabHO  aan  ochobhhx  aHana30HOB.  Security  Threat  mitigation  techniques 

are  reviewed  separately  for  the  major 
spectral  bands. 

5.  Conclusions:  Quest  for  Complete 
Reorganization  of  Frequency  Band 
Allocation  and  Distribution  for 
Reducing  Colliding  Demands  of 
Increasing  Number  of  Users 

Heo6xoaHMo  npeanpHHHTb  Bee  ycnann,  hto-  Every  effort  must  be  made  to  gua- 
6bi  3amHTHTb  «ecTecTBeHHbiH ,  neTpoHyTbiM  He-  rantee  that  mankind  is  protecting  the 
jioaeKOM  3M  cneirrp»  b  xauecTBe  «npupoduoeo  "Natural  Unperturbed-by-man  Electro- 
coKpoeuma» ,  ybepeub  ero  KopwcTHoro  ucnoab-  magnetic  Spectrum"  as  a " Natural  Trea - 
30BaHHH  Me^KnyHapouHbiM  KOMMyHHKaunoHHbiM  sure",  which  must  be  safeguarded  against 


5.  BbiBOw:  HeobxoAHMOCTb  nojmoii  peopraHH- 
3auHH  b  BbmejieHHH  h  pacnpe^ejieHHH  flnana- 
30hob  ajih  yMeHbmeHHH  npoTHBopeunii  Meat¬ 
fly  pacTymHM  hhcjiom  nojn>30BaTejieH 


KowpJiuicm  iwmepecoe  nompeOumeneu  npu  coeMecmuoM  ucnoRbsoeanuu  ... 


KOMruieKcoM.  Hto6m  ocymecTBHTb  3to  Tpefio- 
BaHHe  Heo6xo^MMo  onpenejiHTb  rpynny  h3ojih- 
poBaHHbix  «3Jtefcmp0MMHumH0  muxux  30H  mu - 
poeozo  npupodnoeo  naaiedum,  o6o3HaueHHbix  h 
jiHueH3HpoBaHHbix  IOHECKO  h  3amwmaeMbix 
OOH.  JlaccueuoMy  u  aKmueuoMy  ducmampuon- 
uoMyzo  3ondupoeaHuw  nyotcno  npudamb  HA - 
MHOW  EOJIEE  BbICOKHfi  HPHOPHTET, 

HT06bI  HHKTO  He  MOr  MOHOnOJIH3HpOBaTb  OT- 
KpblTblft  3(J)Hp;  HeoSxOflHMO  3aCTaBHTb  TejieKOM- 
MyHHKauHOHHbiH  KOMnjieKc  nonoTeTb  h  noy6a- 
BHTb  HX  yBepeHHOCTb  OTHOCHTeJlbHO  yBejiHue- 
hhh  HHCjia  BbiflejifleMbix  cneKTpajibHbix 
^Hana30H0B  mh  KOMMepuecKoro  Hcnonb30Ba- 
HHB,  (J)aKTHqeCKH  HyXHO  pa3JlHHHbIMH  nyTBMH 
3acxaBHTb  hx  y6aBHTb  cboio  3JieKTpoMarHHTHyio 
CoSCTBeHHOCTb  H  COCpe^OTOHHTbCH  Ha  peajiH- 
3aUHH  3(J)(|)eKTHBHbIX  UHCj)pOBbIX  MeTOflOB  yMeHb- 
uieHHa  nojiocbi  nporiycxaHHa.  CoofimecTBO  nac- 
CHBHOrO  H  aKTHBHOrO  AHCTaHliHOHHOrO  30HHH- 
pOBaHHH  flOJDKHO  npHHBTb  Ha  ce6fl 
npocJ)eccHOHajibHbiH  eraTyc,  noflpa3yMeBaiomHH 
aeaTeubHOCTb  b  KauecTBe  naTOjioroB  h  pa^HO- 
jioroB  npH3eMHOH  oKpyxcaioiueH  cpe^bi,  h  hh- 
Kax  He  MeHbiue.  HeobxozuiMO  6bicrpo  pa3BHBaTb 
yCOBepmeHCTBOBaHHbie  MeTOabI  CHKHCeHHfl  PH 
noMex  H3-3a  B03pacTaHHH  noTpefiHocTeft  pac- 
uiHpHiomeHca  HHBHJiH3auHH.  3to  no,apa3yMeBa- 
eT  BBeaeHwe  ct  aHU,ap™  3  h  p  o  Ba  h  h  bi  x  mcto^ob  ko- 
ilHpoBaHHH  CHraana  h  pexcHMa  pa3,aejieHH5i  Bpe- 
MeHH  npH  HCn0JIb30BaHHM  HfleHTHUHblX 
BHanasoHOB.  B  jiio6om  cjiyuae  HaM  hjokho  HH(j)op- 
MHpOBaTb  UIHpOKyiO  ofimeCTBeHHOCTb  O  cepbe3- 
hom  nojioxceHHH  c  3arpB3HeHHeM  ecrecTBeHHo- 
ro  9M  cneicrpa,  b  oco6chhocth  sto  othochtcb 
K  HaillHM  06pa30BaTeJIbHbIM  CHCTeMBM  ot  KI2 
flO  ypOBHH  AOKTOpaHTa  —  BKJIK)4aB  Bee  O  COKpa- 
meHHH  HexceJiarejibHoro  «3<J)MpHoro  Mycopa»! 
« Me>KAyHapoAHoe  coo6mecTBO  AHcraHLUioHHO- 
ro  30iiOMpoBaHHH»  aojdkho  noTpebosaTb,  hto- 
6bi  Ha  KOMMepnecKHX  nojib30BaiejieH  6bui  Ha- 
jioxceH  (cicaotceM,  10,  15%  wiu  eme  6onee  ebicotcuii) 
JlOnOJIHHTeJIbHblft  Hanor  —  HCKJUOHHTeJIbHO  c 
UeJlblO  OXpaHbl  MHCTOTbl  (HaCKOJIbKO  3TO  (J)M3H- 
qecKH  Tpe6yeTCH)  «EcTecTBeHHoro  3JieKTpo- 
MamHTHoro  cneKTpa»  nyreM  co3,naHHfl  (Jjoh^ob 
pa3BHTHfl  COOTBeTCTByiOllXHX  «Ha3eMHbIX,  KOC- 
MHMeCKHX  CHCTeM  ^aT4MK0B  JlJlft  BHCTaHUHOHH  OTO 
o630pa  h  MOHHTopHHra  cpeAbi»,  BiononaB  yu- 
pexcaeHwe  «3JieKrpoMarHHTHo  thxhx  3oh  MHpo- 
Boro  npHpo^Horo  HacjieflHB».  jlpyrHMH  cjioBaMH, 
Heo6xoaHMo  ycraHOBHTb  cnpaseanHBoe  pacnpe- 
ae/ieHHe  aoxo^ob,  nojiyueHHbix  ot  Hcnojib30Ba- 
hhh  «NES»,  noao6Ho  c6opy  nouuiHH  Ha  6eH- 


the  greedy  misuse  of  the  International 
Communication  Complex.  In  order  to 
fulfill  this  request,  a  finite  set  of  isolated 
"  World  Heritage  Natural  Electromagnetic 
Quiet  Sites "  needs  to  be  identified,  so 
designate,  licensed  by  UNESCO  and 
protected  by  the  UNITED  NATIONS. 
Passive  &  Active  Remote  Sensing  must 
be  given  MUCH  HIGHER  PRIORITY ; 
anything  not  requiring  the  open  propa¬ 
gation  space  must  be  removed;  and  the 
Telecommunications  Complex  must  be 
forced  to  work  hard  in  reducing  their 
reliance  on  the  increase  of  designated 
spectral  bands  for  their  commercial  use, 
in  fact  must  be  enticed/forced  to  reduce 
their  electromagnetic  spectral  real-estate 
by  many  factors  with  the  focused  imple¬ 
mentation  of  efficient  digital  techniques 
of  spectral  bandwidth  reduction.  The  pas¬ 
sive  &  active  Remote  Sensing  community 
must  adopt  the  high  professional  stature 
of  being  the  pathologists  and  radiologists 
of  the  terrestrial  and  also  the  planetary 
environment,  and  nothing  less.  Much 
improved  RFI  reduction  and  mitigation 
methods  must  rapidly  be  advanced  because 
of  the  increasing  needs  of  an  expanding 
civilization.  This  implies  introduction  of 
standardized  signal  coding  techniques 
and  time-sharing  for  the  use  of  identical 
spectral  bands.  In  every  respect  general 
public  ought  to  be  educated  about  the 
serious  state  of  pollution  of  the  natural 
electromagnetic  spectrum,  and  especially 
our  educational  systems  K12  to  Post- 
Doctoral  levels  —  all  inclusive  -  about 
reducing  the  undesirable  propagation 
litter!  The  "International  Remote  Sensing 
Community"  ought  to  request  that  the 
commercial  users  be  levied  with  a  -  say 
10%  to  15%)  or  even  higher  surcharge  - 
solely  to  be  applied  to  safeguarding  the 
purity  —  as  far  as  is  physically  required  — 
of  the  "Natural  Electromagnetic  Spect¬ 
rum"  by  providing  funds  for  developing 
the  pertinent  "Remote  Sensing  &  Moni¬ 
toring  Ground-based,  Air/Space-bome 
Sensor  Systems",  including  the  establish¬ 
ment  of  "World  Natural  Electromagnetic 
Quiet  Sites".  In  other  words  there  has  to 
be  a  fair  distribution  of  the  revenues 
gained  from  using  " NES\  similar  to 


User  Collusion  for  Joint  Utilization  ... 


3hh,  KOTOpbie  wr  Ha  npoeicmpoBaHHe,  ctpoh-  levying  toll-charges  and  gasoline  tax  for 
TejibCTBo  h  noMepxaHHH  aBTocrpaa,  h  m;  Hyxc-  designing,  building  and  maintaining  clean 
ho,  b  KOHue  kohuob,  BBecra  Hajiorw  3a  ncnojib-  motorways,  etc.;  there  should  be  charges 
30BaHHe  «HauHOHajibHbix  h  MexyiyHapoflHbix  hh-  introduced  for  utilizing  the  "National  and 
(J)opMauHOHHbix  Tpacc».  International  Information  Highways". 


6.  EjiaroAapHOCTH  6.  Acknowledgments 

ripHHomy  CBOK)  6ojiLmyK)  6/iaronapHOCTb  xhe  Invitation  by  Professor  German 
np°tf“°Py  FepMaHy  CepreeBHMy  LUapuraHy  Sergeevich  Sharygin  of  TUCSR  for 
H3  TYCYPa  3a  npnrjiauieHHe  npezrcTaBHTb  stot  presenting  this  overview  at  the  Siberian 
KpaTKHft  0630P  Ha  Cm6hPckom  norapHsaiwoH-  Polarization  Workshop  at  Suigut  on  Ob 
hom  ceMHHape  b  Cypryre  Ha  p.  06b  b  Ch6hPh.  jn  Siberia  is  gratefully  acknowledged. 


55 


CBepxuiHpoKonojiocHaii 

pa^HonojinpHMeTpHJi 

B.A.  CapbrmeB,  E.JI.  BapcyKosa 

OTKpbiToe  aKUHonepHoe  oOiacctbo  «HaytiHO- 
npoH3BOflCTBeHHoe  npeanpHflrae  «Panap  MMC» 
197349,  C-rieTep6ypr,  HoBocejibKOBCKaa  37 
E-mail:  radar@radar-mms.com 

PaccMampueawmca  npunutunbi  nadenenasi  cucmeMbi 
cueHcuioe,  emiKmamneu  ceepxmupoKononocHue  kom- 
noHenmbi,  nojinpu3anuomou  cmpyicmypou.  06cyjfc- 
daemcx  sAeMenmuasi  603a  ceepxmupoKonoAocmii 
paduonojinpiwempuu 


Ultrawideband  Radio 
Polarimetry 

V.A.  Sarychev,  E.L.  Barsukova 

Public  corporation  «SPF«Radar-MMS» 
Novoselkovskaja  Str.  37,  197349, 
Saint-Petersburg 
E-mail:  radar@radar-mms.com 

Principles  of  attributing  the  polarization 
structure  to  signals  system  involving  ultra- 
wideband  components  are  considered.  The 
nomenclature  of  elements  for  ultrawide¬ 
band  radio  polarimetry  is  discussed 


B  nocne/mwe  roAbi  pa3BHBaercA  noAXOA,  Kor^a 
;iio6a5i  coBOKyiiHocTb  curaanoB  HaAenAercA  no- 
ABpH3auHOHHoft  cTpyioypoH,  Aaxce  ecjiH  3th  cnr- 
Hanbi  ham  MacTb  mx  pacnpocrpaHflerca  no  Han- 
paBjmiomHM  CTpyxrypaM  ((JjHAepaM).  Ochobhoh 
npunMHOH  mm  bo3HHkhobchrb  yicaaaHHOM  napa- 
AHFMbi  b  paAHonojiHpHMerpHH  cTajio  noHBJieHHe 
m  aKTHBHoe  Hcnojn>30BaHHe  cBepxniHpoKonojiocHbix 
(Ciun)  CHTHajioB,  npexcue  Bcero  b  3AexrpocBA3H 
m  pAAHOjiOKauHH.  Oahbko  TyT  ate  obHapyxHJiocb, 
hto  tbm,  rae  npHMemncrrcH  CIlin-cHmajibi,  no- 
;iBpH3au,HB  nepecrana  conparaTbCA  co  mhoimmh 
TexHOJiorwflMH  nepe^anH  cooSmeHMH,  HcnoAb3y- 
eMMMH  npw  BpeMeHHOM  TDMA,  nacTOTHOM 
FDMA  h  koaobom  CDMA  pa3AeAeHHH  xaHaAOB. 

Maine  Bcero  crapaiOTCA  BMecro  TepMHHa  Cllin 
CMTHan  HCn0Ab30BaTb  nOHATMe  CAOXCHblH  cHinan. 
Taxan  noAMeHa,  Boo6me  roBopA,  He  AonycmMa. 
Eojiee  Toro,  Hcnojib3yeMbie  ceroAHH  Cllin  cht- 
Hajibi  name  Bcero  abjiaiotca  npocrbiMH.  B  Teopun 
CHTHajIOB  CAOXCHOCTb  CBA3bIBaeTCA  C  MX  6a30H 


For  the  last  years,  an  approach  is 
developed  when  polarization  structure  is 
attributed  to  any  signals  set  even  if  these 
signals,  or  their  part,  propagate  in  guid¬ 
ing  structures  (feeders).  The  main  reason 
of  such  paradigm  origin  in  radio  pola¬ 
rimetry  is  appearance  and  active  using 
the  ultrawideband  (UWB)  signals,  first 
of  all  in  telecommunications  and  radar. 
However,  it  was  immediately  revealed 
that  polarization  did  not  more  conjugate 
with  many  data  transfer  technologies 
(which  use  the  UWB -signals)  with  time 
(TDMA),  frequency  (FDMA)  and  code 
(CDMA)  channel  division. 

More  often,  notion  of  compound  sig¬ 
nal  is  used  instead  of  the  UWB  signal. 
Generally  speaking,  such  substitution  is 
inadmissible.  Moreover,  the  modem  UWB 
signals  are  mostly  simple.  In  signals 
theory,  the  complexity  associated  with 
their  so  called  «base»  value 


(1) 


rae  T  -  AAHTCJibHocTb  cHmajia;  fH  -  Bbicman,  a  fL 
—  moinaa  3HanHMbie  rapMOHHKH  b  cneicrpe  am- 
AH3HpyeMbix  cnmaAOB,  oueHHBaeMbie  o6mhho  Ha 
ypoBHe  0,5  hah  -20  aE.  npocrbie  cnniajibi  yAOB- 
AeTBOpniOT  ycAOBHio  B«l,  b  npoTHBHOM  cnynae, 
npH  B»1  HMeiOT  ACAO  CO  CAOXCHblMH  CHraaAaMH. 
C  3T0fi  TOMKM  3peHHA  BCe  CHrHaAbl,  AAA  XOTO- 
pbix  cnpaBeAAHBo  cooTHouieHHe  fH  -  fL~  1  /T, 
abaaiotca  npocrbiMH.  Zfaxce  AeAbTa-HMnyAbc  c 
GeCKOHeUHO  IIIHpOKHM  nOCTOAHHbIM  CneKTpOM 


where  T  is  signal  duration;  fH  and  fL  are 
the  higher  and  lowest  significant  harmonics 
in  the  analysed  signal  spectrum,  estima¬ 
ted  usually  at  0,5  or  -20  dB  level.  The  simple 
signals  satisfy  the  condition  B«l,  other¬ 
wise  (when  B»l)  it  is  said  about  com¬ 
posite  signals.  From  this  point  of  view,  all 
signals  with  fH~fL^  1/T  are  simple.  Even 
delta-pulse  with  indefinitely  wide  constant 
spectrum  should  be  also  considered  as 
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cjie^yer  cnmaTb  TaioKe  npocrbiM.  fljiH  npocrbix  cht- 
Ha/IOB,  IUHpOKHH  CneKTp  KOTOpbIX  o6ycjioBJieH 
MX  OHeHb  MaJIOH  flHHTeJIBHOCTblO,  o6bIHHO  HC- 
nojib3yK>T  TepMHH  KopoTKOHMnyjibCHbie  hjih  aaxce 
cBepxKopoTKOHMnyjibCHbie  (CKH)  cHinanbi. 

JJjih  cum  patfuosjieKTpoHHKH  HaH6ojree 

BaXCHbIM  HBJIHeTCH  COOTHeceHHe  ITpHMeHHCMblX 
CHmajIOB  C  33HHMaeMOH  HMH  nOJTOCOM  qaCTOT. 
Mepoft  niHpOKonojiocHocTH  curHajroB  cjiyxoiT 
oTHOcHTejibHaa  nojioca  nacTOT,  onpe/tejraeMaH 
xax 


simple.  For  simple  signals  with  a  wide 
spectrum  caused  by  their  very  short 
duration,  the  term  of  short-pulse  or  even 
ultrashort-pulse  (USP)  signals  is  usually 
used. 

For  UWB  radioelectronics,  the  most 
important  is  correlation  between  used 
signals  with  the  occupied  band.  The  rela¬ 
tive  frequency  band  is  considered  as  a 
measure  of  signals  broadbandness 


(2) 


Mepa  (2)  ^opMHpyeT  MHoxcecreo  Bcex  3Ha- 
HeHHM  napaMeTpa  Ue  [0,  1],  KOTopoe  3aHHMaeT 
npHBbiUHbiH  AHana30H  ot  Hyjia  jxo  eflHHHijbi.  Flo 
HeMy  Moxcer  6birb  BoccraHOBJieHa  OTHOCHTejibHaa 
nonoca  nacroT  fL /fH  cooTHomeHHeM  (1  -  U)/(  1 + U). 

BBrwy  HeonpeaejieHHocTH  rpaHHU  win  cyxc- 
aeHHH  o  uinpoKonoJiocHocTH  cnmaiioB  MHoxce- 
ctbo  U  HBJiaeTCH  npHMepoM  HeneTKoro  MHoxce- 
CTBa,  Ha  KOTOpOM  C  nOMOmblO  HeKOTOpOH 
(fjyHKHHM  npHHartnexcHocra  w(U)  onpe^ejieHa 
jiHHrBHCTHHecKaa  nepeMeHHaa  xa- 

paKrepH3yK)maB  cyxcaeHHH  o  umpoKonojiocHO- 
cth  cHraajia.  Mepa  (2),  a  Taxxce  cooTBeTCTByjo- 
mwe  jiHHrBHCTHnecKHe  nepeMeHHbie  h  4>yHKUHH 
npHHaryiexcHocra  MoryT  6biTb  c<|)opMHpoBaHbi 
m  win  cHraajioB  c  nojiapH3auHOHHOH  cTpyicry- 
pOH,  npH  TOH  HJIH  HHOH  CHCTeMe  3aKOHOB  He- 
neTKOH  JiorHKH,  no3BojiHiomyK)  ynecTb  eme  h 
paanHUHH  y  nojinpH3auHOHHbix  KOMnoHeHT.  Co- 
BOKynHOCTb  CHmanoB,  y  KOTopoft  Bee  KOMno- 
HeHTbl  COOTHOCHTCH  C  0£H0H  H  TOM  XCe  JIMHrBH- 

cTHnecKofi  nepeMeHHOH  (xotji  MoryT  HMeTb 
pa3JIM4Hbie  Mepbl  UIHpOKOnOJIOCHOCTH  U.,  TJXQ 
/=l,...,w,  ho  yxjiatfbiBaiomHecH  b  HHTepBaji  on- 
peAejieHHH  jiaHHOH  nepeMeHHOH),  Ha3biBaeTCH 
OBHOTHTIHOH.  EcTeCTBeHHO,  HTO  UIHpOKOnOJIOC- 
HOCTb  O^HOTHnHOH  COBOKynHOCTH  CHFH3JIOB  OUe- 

HHBaeTca  TeM  xce  cyxcueHHeM  (  jihh  rBH  crnue  c  koh 
nepeMeHHOH),  xax  h  y  omejibHbix  KOMnoHeHT. 
CyxcneHHH  o  mHpoKonojiocHOcrn  hbjihk>tcb  nep- 
BblM  npH3H3KOM  (xapaKTepHCTHKOH),  no  KOTO- 
pOM  aaHHan  coBoxynHocrb  CHmajioB  cipyiciypH- 
pyercH,  to  ecrb  pa36HBaeTca  Ha  no^rpynnbi  c 
COOTBeTCTByiOmHMH  oblUHMH  JIHHrBHCTHHeCKH- 
mh  nepeMeHHHMH. 

npH  HaJIHUHH  B  HCXOflHOH  COBOKynHOCTH 
CHTHajioB  noflobHbix  no^rpynn  uiHpoKonojioc- 
HOCTb  Bceft  COBOKynHOCTH  no  npHBe^eHHHM 
TOJibKo  hto  npHHHHaM  oueHHBaeTca  Hanbojiee 
3HaHHMbIMH  OTHOCHTeJIbHO  UIHpOKOnOJIOCHOCTH 
cyxcaeHHeM  (jiHHFBHCTHnecKOH  nepeMeHHOH),  to 
ecTb,  ecjiH  paccMaTpHBaeMan  coBOKynHocTb  co- 


The  measure  (2)  forms  a  set  of 
parameter  values  Ue  [0, 1].  The  value  can 
be  used  for  retrieval  of  the  relative 
frequency  band  fL/fH  by  the  relationship 
(1  -U)/(l+U). 

Since  the  notion  of  signals  broadband¬ 
ness  is  uncertain,  the  set  U  is  an  example 
of  fuzzy  set,  where  a  linguistic  variable 
L  =  m(U),  which  characterizes  judge¬ 
ments  about  signal  broadbandness,  is 
defined  by  some  membership  function 
m(U).  The  measure  (2)  and  corres¬ 
ponding  linguistic  variables  and  mem¬ 
bership  functions  can  be  formed  also  for 
signals  with  polarization  structure,  if 
there  is  any  fuzzy  logic  system  allowing 
to  take  into  account  differences  in  po¬ 
larization  components.  A  set  of  signals, 
which  all  components  match  up  with  the 
same  linguistic  variable  (at  the  same  time 
they  may  have  various  broadbandness 
measures  U.  (j=l...,  n)  within  the  given 
variable  range)  is  called  as  equitype  set. 
Naturally,  the  broadbandness  of  an 
equitype  set  of  signals  is  evaluated  by  the 
same  judgement  (linguistic  variable)  as 
separate  components.  Judgements  about 
broadbandness  are  the  first  attribute 
(characteristic),  which  are  used  for 
structuring  the  given  set  of  signals,  i.e.  is 
divided  into  subgroups  with  correspon¬ 
ding  shared  linguistic  variable. 


If  there  are  the  similar  subgroups  in 
the  initial  set  of  signals,  then  all  set 
broadbandnes  is  estimated  (by  the  rea¬ 
sons  above)  as  the  most  significant, 
relatively  to  the  broadbandness,  judgment 
(linguistic  variable);  i.e.  if  the  considered 
set  contains  even  one  UWB  component, 
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CeepxiuupoKonoAQCHax  paduonoimpuMempun 


AepxcHT  xoTb  o^ny  CUiri-KOMnoHeHTy,  to  h  bcb 
coBOKynHocTb  oueHHBaeTca  KaK  Cllin.  H  sto 
noHHTHO,  TaK  KaK  Apyrne  y3KonojiocHbie  kom- 
noHeHTbi,  BXOA«mne  b  coBOKynHocTb  (2),  KaK 
npaBHJio  cHHxaiOT  fL  hjih  yBen h  hm  BaioT  fir  Mox- 
ho,  cjieaoBaTejibHo,  cHHTaTb,  hto  oueHKa  (2) 
cnpaBwmBa,  KaK  ju ih  oxneJibHbix  KOMnoHeHT, 
TaK  M  JU191  Been  COBOKynHOCTH  B  UeJIOM.  HtUK,  H3 
y3KOnOAOCHbIX  KOMTIOHeHT  M02CH0  o6pa30BaTb 
lBHpoKonojiocHyio  h  aaxe  CUin  coBOKynHocTb 
cHFHajioB.  CeroAHa  (2004)  chctcmbi  h  cHFHanbi, 
y  KOTOpbIX  tf<0,01  OTHOCflT  K  y3KOIIOJIOCHbIM, 
ecjiH  0,01<tf<0,25,  to  k  umpoKonojiocHbiM,  npH 
0,25<17<1  “  06  Cllin  cHCTeMax  h  cnrHanax. 

Cllin  cranajibi  Moryr  Taioxe  nocneAOBaTejibHO 

«Ha6npaTbCfl»  H3  OTHOCHTeJIbHO  y3KOnOJTOCHbIX 
CHFHajioB,  ecjm  TOJibKo  ofipafioTKa  npeAnojiara- 
eT  coBMecTHoe  Mcnojib30BaHHe  Bcex  CHrnajioB 
AaHHoro  «Ha6opa».  TaKoil  Cllin  cHTHaji  moxcct 

SblTb  Ha3B3H  COCTaBHbIM,  OH  npHHa/UIOKHT  K 
Knaccy  cjio>KHbix  curHanoB  b  cMbicjie  Mepbi  (1). 

By^eM  CHHTaTb,  hto  y  cncTeMbi  curHarioB  (b 
tom  HHCjie  h  cocTaBJieHHbix  H3  CIIin-curHa- 
jiob),  ahh  3anwcH  KOTopoft  _Mbi  3aecb  fiyaeM 
HcnoJib30BaTb  o6o3HaneHHe  G,  AOJDKHa  cyme- 
CTBOBaTb  HeKOTOpaa  HBHaB  npOCTpaHCTBeHHO- 
BpeMeHHan  crpyicrypa,  noAHepKHBaeMaa  3anHCbio 


then  all  set  is  estimated  as  UWB  set.  It  is 
evident,  since  other  narrow-band  compo¬ 
nents  in  (2),  as  a  rule,  reduce  fL  or  increase 
f}r  Therefore,  it  is  possible  to  consider  that 
the  estimate  (2)  is  valid  as  for  separate 
components,  and  for  the  whole  set.  So, 
we  can  form  broadband  and  even  UWB 
set  of  signals  from  narrow-band  compo¬ 
nents.  Now  (in  2004),  systems  and  signals 
with  t/<0,01;  0,01<t/<0,25  and  0,25<iKl 
are  considered  to  be  narrow-band, 
broadband,  and  UWB  systems  and 
signals,  correspondingly. 

The  UWB  signals  can  be  also  con¬ 
sistently  "constructed"  from  narrow-band 
signals,  if  only  the  processing  assumes 
sharing  all  signals  from  the  given  "set". 
Such  UWB  signal  can  be  called  as 
composite  signal,  it  belongs  to  class  of 
composite  signals  in  terms  of  (1). 

Let  us  consider  that  the  signals 
system  (including  signals  made  of  UWB- 
signals)  denoted  here  as  G ,  should  have 
some  obvious  spatial-temporal  structure 
expressed  by  the  following  expression 


G(r,t)  =  [Gj (r, t)9G2(r,t Gn (r, t)]T  . 


ECJIH  KOMnOHeHTbl  nOJIH 


If  the  field  components 


Gt(r,t),G2(r,t),...,Gn(r,t) 

ojJHopa3MepHbiHO&ian9K>ronpefleneHHbiMHTpaHC-  have  the  same  dimension  and  specific 
(jxjpMauHOHHbiMii  cBoitereaMH  ripn  mMeHeHHH  yc-  transformation  properties  under  changing 
jioBHii  HafiraofleHHfl,  npe*ne  Bcero  npn  npocrpaH-  the  observation  conditions  (first  of  all 
cTBeHHO-BpeMeHHbix  npeo6pa30BaHHax,  to  oth  spatial-temporal  transformations)  .then  the 
KOMTioHeHTbi  MoxcHO  CHHTaTb  npHHanJiexawHMH  components  are  considered  to  belong  to 
TeHiopHoti  cHCTCMe  cHmaaoB.  Hxaic,  nccnenyeMoe  tensor  system  of  signals.  Thus,  the  explore 
none  Moxcer  coaepxcaTb  oimy  huh  HecKOJiwco  non-  field  can  contain  one  or  several  subfields 
noneii  mu,  kohchho,  uenHKOM  6bm>  TeH3opHoft  or,  certainly,  to  be  a  tensor  system  entirely. 
CHCieMOii.  npn  napMeipH3auwH  ycioBiiii  Ha&nojte-  If  the  observation  conditions  are  para- 
hhh  HabopoM  napaMerpoB  cc,P,Y,...  wra  xeroopHoro  meterized  by  parameteis  a,p,y,...,  the  follow- 
nojifl  nocTyjmpyercH  cjienyiomee  onepaTopHoe  ing  operational  transformation  conversion 
TpaHajxjpMaiiMOHHoe  rrpeo6pa30BaHne  is  postulated  for  the  tensor  field 


G(r,t;a.N,Pfl,yN,...,)  =  Q(ciN,PN,yf„-',a-o’Po’yo’-)'G(r’t’ao’Po’yo’-’)’ 


(3) 


r^e  HH^KHHe  hhackcm  y  napaMeTpoB  yKa3biBaior 
Ha  crapbie,  npexHHe  jxo  npeo6pa30BaHHfl  («0»), 
h  HOBbie,  nocjie  npeo6pa30BaHHH  («Ar»),  ycJioBHfl 
HabjuoACHHH  KOMnoHeHT  nojw,  a 


where  subscripts  denotes  old  "0"  (before 
the  transformation)  and  new  "JV”  (after 
transformation)  observation  conditions 
of  the  field  components,  and 


Q^S^N  >  Ptf  >  y  N  >  *•*>  »  Po » Yo  j  *•*) 
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~  onepaTop  npeo6pa30BaHH5i,  k  oGjiacra  onpe- 
^ejieHMa  KOTOporo  npHHaAnexcHT  MCCJie^yeMoe 
TeH30pHoe  nojie. 

OnepaTop  npeo6pa30BaHHH  b  (3)  mojkct 
6bITb  AK)6bIM,  COOTBeTCTByiOmHM  HcnoAb3yeMbiM 
ceHcopaM  h  A«iTUHxaM,  -  jihhchhhm  hah  Hejm- 
HeHHblM,  3aBHCHIIXHM  HJIH  HeT  OT  IipOCTpaHCTBeH- 
Ho-BpeMeHHbix  apryMeHTOB,  coAepxcaiuHM  hjih 
HeT  MHTerpo-^H$(i)epeHUHajibHbie  onepaTopbi, 
pearnpyiomHM  hah  HeT  Ha  AHHaMHxy  xomtio- 
HeHT  paccMarpHBaeMoro  nojw  h  t.a*  Ojuiaxo  npH 
Bcex  Taxnx  npeo6pa30BaHH5ix  nojiaraeTca,  hto 
cymecTByeT  e^xHHCTBeHHoe  oaho  h  to  xe  nojie. 
H3MeHBK)TCfl  jiHiiib  ero  KOHKpeTHbie  npe^cTaB- 
jieHHH,  o6ycJioBJieHHbie  BbiSopoM  ycAOBHft  Ha- 
6jno,neHHB  KOMnoHeHT.  KarobiH  pa3  aHajiH3H- 
pyeMoe  none  BbicTynaeT  Tew  hjih  hhbim  cbohm 
KOHKpeTHbiM  npejicTaBJieHHeM  jum  3anaHHbix 
ycnoBHH  Ha6jnojieHHB.  JIio6bie  ycnoBHB  paBHO- 
npaBHbi  juih  npencTaBJieHHB  nojiH.  Taxoe  paB- 
HonpaBHe  npHBOAHT  k  yTBepJKACHHio  06  06513a- 
TejibHocTH  cymecTBOBaHHB  eme  h  o6paTHoro 
onepaTopa 


is  the  transformation  operator,  which 
definition  domain  includes  the  explored 
tensor  field. 

The  transformation  operator  in  (3) 
may  be  linear  or  nonlinear,  dependent 
or  not  from  spatial -temporal  arguments, 
having  integro- differential  functionals 
or  not,  reacting  on  dynamics  of  the 
observed  field  components  or  not,  etc. 
However,  all  such  transformations  imply 
existence  of  the  single  field.  Only  its 
specific  representations,  which  are 
sti  pulated  by  choise  of  observation  con¬ 
ditions  of  the  components,  are  subject 
of  changes.  Every  time,  the  field  to  be 
analyzed  acts  as  a  specific  representation 
for  the  given  conditions  of  observation. 
Any  conditions  are  equal  for  the  field 
representation.  Such  equality  leads  to 
statement  on  obligatory  existence  the 
inverse  operator 


Q  YArj**-}0tc>,(3o,yo,...)  —  Q((x0,  Po?  Y0’*"’aAr5Pv9Yw5*'-)- 


Mojkho  yTBepxcnaTb,  hto  nojie,  xa k  cahhuh 
o6beKT,  HHBapnaHTHo  k  cbohm  npeAcraBJieHH5iM, 
ho  xaacAbie  KOHKpeTHbie  ycnoBHB  Hafijno^eHHH 
ejjHHCTBeHHbiM  o6pa30M  (JxipMHpyiOT  cboh  npeA- 
craBJieHHB  (cncreMy  napunaribHbix  komfiohcht) 
Ana  3toto  nojia. 

3to  oScTOHTeJibCTBO  HaMH  b  AaAbHeiimeM 
cneixnajibHO  oroBapHBaTbca  He  6yaeT.  Ba*Ho  tojib- 
KO  TO,  HTO  HHCJIO  KOMnOHeHT  BeKTOpHOTO  nOJIH 
cooTBeTCTByer  HHCJiy  xananoB  aHajiH3aTopa  hjih 
Aerexropa  nojw.  YuHTbiBaa  Taxxce  «H3MepHTCAbHyK» 
HanpaBjieHHOcnrb  npoBOAHMoro  HaMH  3Aecb  anajiH- 
3a,  M05KHO  cHHraTb  npocipaHcnBeHHbie  apryMeH- 
Tbl  y  XOMnOHeHT  nojiefi  <})HXCHpOBaHHbIMH ,  coot- 
BeTCTByiomHMH  pacnoAoaceHHio  AeTexTOpoB,  a 
3H3HHT  HX  MOJKHO  npH  3anHCH  OIiyCTHTb. 

EyneM  Taxxe  nojiaraib,  hto  Bee  xoMnoHeHTbi 
GjW*  <?2W’  •>  Gn(t)  cooTBeTCTByiOT  pemcTpauHH 
HexoTopbix  peajibHbix  (J)H3HHecxHX  npoueccoB. 
Il03T0My  OHH  OnHCbIBaiOTCH  BemeCTBeHHbIMH 
(JiyHKUHHMH  BpeMeHH  H  npOCTpaHCTBeHHbIX  xo- 
opAHHaT.  3th  (JjyHxuHM  npeAnoiiaraiOTCH  HHTer- 
pHpyeMbiMH  c  xBaApaTOM,  t.x.  hctohhhx  aHajiH3H- 
pyeMoro  noAH  He  MoxceT  HMeTb  6ecxoHeHHbie 
MOIUHOCTH  H  3HepTHH.  flOAH  AOJDKHbl  COOTBeT- 
CTBOBaTb  HeXOTOpOH  AHHaMHXe,  nOCXOJIbXy  H3- 
AaraeMaa  Hicxe  npoueAypa  BbiAeAenna  nojwpH3a- 
uhohhom  cipyxiypbi  HenocpeAciBeHHO  HcnoAb3yer 
3iy  AHHaMHxy.  Hnxaxnx  Apyrnx  orpaHHHeHHH  Ha 


One  can  state  that  the  field,  as  a  single 
object,  is  invariant  to  its  representa¬ 
tions,  but  every  specific  conditions  form 
uniquely  their  representations  (partial 
components  system)  for  this  field. 

This  circumstance  will  not  further  be 
mentioned.  It  is  only  important  that 
number  of  components  of  the  vector  field 
corresponds  to  number  of  channels  of  an 
analyzer  or  field  detector.  Taking  into 
account  the  "measuring”  directivity  of  our 
analysis,  we  can  consider  the  spatial 
arguments  of  the  field  components  to  be 
fixed,  and  corresponding  to  detectors 
location,  so  they  may  be  omitted. 

Let  us  assume  that  all  components 
Gj(/),  G2(f),.»t  Gn(t)  correspond  to 
actual  physical  processes  samples. 
Therefore,  they  are  described  by  real 
functions  of  time  and  space  coordinates. 
These  functions  are  assumed  to  be  squ¬ 
are  integrable,  since  the  radiation  source 
of  the  analyzed  field  cannot  have  infinite 
power  and  energy.  The  fields  should 
correspond  to  some  dynamics,  as  extrac¬ 
tion  procedure  of  polarization  structure 
directly  uses  this  dynamics.  There  are  no 
other  restrictions  on  the  spatial-temporal 
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npocTpaHCTBeHHO-BpeMeHHyio  cTpyicrypy  hjih 
cneKTpajibHbift  cocTas  KOMnoHeHT  riojia  He  Ha- 
KJia^bmaeTca. 

CTano  yace  CTaHaapTHon  npoueaypofi  npw 
hccji eaoBaH hh  nojietf  nepexoawTb  c  noMombio 
npeo6pa30BaHHH  rHJib6epTa  H(.)  k  aHannTH- 
HeCKHM  BeKTOpHbIM  4>yHKHHHM 


structure  or  spectral  distribution  of  the 
field  components. 

The  field  investigations  use  well- 
known  procedure  of  transition  to  ana¬ 
lytical  vector  functions  using  the  Hilbert 
transformation  H(.) 


6(t)  =  G(t ) + iH{G(t))  =  G(t)  +  -  ]  G(t)/(t  -  x)dx,  (4) 

71 

r,ae  HHTerpajibHan  onepaitHfl  THJibdepTa  ocyme-  where  the  integral  Hilbert  operation  is 
CTBJiaeTCH  Haa  BeKToppM  KOMnoHeHT.  realized  for  components  vector. 

Jfnn  KOMnoHeHT  G ,(/)  (/=1, Bexropa  For  Gj(t)  components  (/—  1 . . . ,  n ) 
(4)  Moryr  6biTb  onpeaeaeHbi  aMiuiHTyaHbie  h  of  the  vector  (4),  amplitude  and  phase 
<J>a30Bbie  MHoxcuTejiH  factors  can  be  defined 

(5) 


a  Taxace  hx  MrHOBeHHbie  uacTOTbi  co  ft) , 

MrHOBeHHbie  nacTOTbi  co j(t)  w  o )k(t)  KOM¬ 
noHeHT  6yayT  coBnaaaTb  apyr  c 

ApyroM,  ecjiH  BpeweHHaa  cTpyxTypa  oaho# 
KOMnOHeHTbl  6yACT  COOTBeTCTBOBaTb  JIHHeHHOft 
odoJioHKe,  o6pa30BaHHoft  apyroft  xoMiioHeH- 
Toft  h  ee  npeo6pa30BaHHeM  FnjibGepTa 


and  their  instantaneous  frequencies  00,(0 . 

The  frequencies  co j(t)  and  00^(0 
(/,fc=l,...,«)  of  the  components  will 
coincide  with  each  other  if  time  struc¬ 
ture  of  one  component  will  correspond 
to  linear  shell  formed  by  another  com¬ 
ponent  and  its  Hilbert  transformation 


G/0  =  a  ^(0+a2tf  (<?*(')),  <6> 

me  ana,  —  npoH3Bom>Hwe  KOMruieKCHtie  >wcjia.  where  a,  and  a2  are  arbitrary  complex 
Ecahio  napw  <7.(0  h  Gk{t),  coraacoBaHHoft  no  numbers.  If  to  form  complex  signal  from 
CBoeii  BpeweHHoh  cTpyKType,  o6pa30BaTb  kom-  the  pair  <7.(0  h  Gk(t),  matched  by  the 
naeKCHbih  cnmaji  time  structure,  so  that 


Gjk  (t)  =  Gj(t)+ iGk  (/) , 


(7) 


to  Moaoro  ydeAHTbca,  uto  xaacaaa  cnexipanb- 
Haa  rapMOHHKa  3Toro  KOMimeKCHoro  cnmajia 
HMeeT  OAHO  H  TO  ace  noaapH3aUMOHHOe  COCTOH- 
HHe,  onwcbiBaeMoe  yraoM  3jiah  hthuhocth  a  w 
yraoM  HaxjiOHa  P,  h  hto  cnrHan  (7)  aonycxaeT 
npeacTaBJieHHe 


then  one  can  convince  that  each  spectral 
harmonic  of  this  complex  signal  has  the 
same  polarization  state  described  by 
ellipticity  a  and  orientation  p  angles, and 
that  the  signal  (7)  can  be  presented  as 


G]k  (0  =  (<5y*  (0  cos  a + iH{GJt  (<))  sin  a)  •  e'v ,  (8) 


rae  moxcho  cunTaTb,  hto  (JjyHKUMa  Gjk(t)  onpe- 
aeaaeT  BpeMeHHyio  CTpyicrypy  napbi  KOMnoHeHT 
Git)  h  Gk(t). 

OpToroHaabHoii  k  (8)  xoMiuiexcHOH  $yn- 
KHHeii  b  cMbicae  cxanapHoro  npoH3BeacHna 


where  function  Gjk{t)  is  believed  to 
determine  time  structure  of  the  compo¬ 
nents  (7.(0  h  Gk{t). 

The  complex  function,  which  is  ortho¬ 
gonal  to  (8)  in  terms  of  scalar  product 


(G0)(0,(G<2)(0)=  /  Gm(t)-G'm(t)dt 

-X 

(3Be3AOHKa  03HauaeT  KOMnaeKCHoe  conpaace-  (*  denotes  complex  conjugate),  will  be 
HHe)  6yaeT  (JjyHxmtA  the  following  function 
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Gjk  (0  =  (~Gjk  (/)  •  sin  a  +  iH(Gjk  (t))  •  cos  a)  •  e* .  (9) 

Ha  cneKTpajibHOM  H3biKe  (8)  h  (9)  HMeior  In  spectral  language,  (8)  and  (9) 
cjieflyiomHM  bh£  reads  as  follows 

Gjk  (co)  =  Gjk  (co)  •  e'p  •  (cos  a  +  sgn(co)  sin  a) ,  (10) 

Qjk  (<*>)  ”  Gjk  (©)  *  ^  '  (cos  a  sgn(co)  -  sin  a) .  (11) 

Ecjih  komtioh eHTbi  Gft)  h  Gk(t)  He  coniacoBa-  If  Gft)  and  Gk(t)  are  not  matched  in 
hh  no  BpeMeHHon  cTpyKType,  to  pjm  (7)  Moac-  time  structure,  it  is  possible  to  postulate 
ho  nocTyjiHpoBaTb  cjienyiomee  pa3Jio>KeHHe  for  (7)  the  following  decomposition 

Gjk  (i r )  =  ( Gj  (t)  cos  a  +  iH(Gj  (/))  sin  a  -  Gk  ( t )  sin  a  +  iH(Gk  (t))  cos  a)  •  e'p ,  (12) 

to  ecTb  ocymecTBJiaeTCtf  nepexo#  k  rmyM  kom-  i.e.  to  go  into  two  components  with  the 
noHeHTaM  c  o^hhmm  h  tcmm  ace  nojiapH3auHOH-  same  polarization  parameters,  which  are 
HbiMH  napaweTpaMH  opToroHajibHbiM  no  cBoen  orthogonal  in  polarization  structure,  and 
nojiapH3aiuioHHoft  crpyicrype,  ho  c  pa3HbiMH  Bpe-  have  different  time  structures  Gj(t)  and 
MeHHbiMH  CTpyioypaMH  Gj(t)  h  Gk(t)  Gk(t) 

Gj  (/)  =  Gj  (0  cos  a  cos  P  +  H(Gj  (0)  sin  a  sin  p  +  Gk  (t)  cos  a  sin  P  -  H(Gk  (t))  sin  a  cos  p , 

Gk(t)~  Gj ( t )  sin  a  cos  p  +  H{Gj  (t))  cos  a  sin  p  -  H(Gk  (/))  cos  a  cos  p  -  Gk  ( t ))  sin  a  sin  p . 

(13) 

3a^aBaH  pa3JinuHbie  nojiapH3aunoHHbie  na-  By  choosing  different  polarization 
paMeipbi  M3  paccMaTpHBaeMoii  napbi  ncxo^Hbix  parameters  from  the  pair  of  initial  field 
KOMnoHeHT  noiia,  onpenejimoTca  cooTBeTCTBy-  components,  the  corresponding  time 
iomHe  BpeMeHHbie  cTpyKTypbi  hobhx  nap  kom-  structures  of  new  component  pairs,  ha- 

noHeHT,  Kaacaaa  M3  kotophx  HMeeT  acecTKyio  ving  strict  polarization  structure,  are 

nojiapH3auHOHHyio  CTpyKiypy.  determined. 

CjiejroBaTejibHo,  ot  paccMaTpHBaeMOM  napbi  Therefore,  we  made  transition  from 
nojwpH3auHOHHbix  KOMnoHeHT  Gk  (0  =  Gk  (0, 0;  /)  the  considered  pair  Gk  (t)  =  Gk  (0, 0;  t) 
h  Gj  (t)  =  Gj  (0, 0;  0  ocymecTBJieH  nepexon  k  nape  and  Gj  (t)  =  Gj  (0, 0;  0  to  the  pair 

Gj  (a,  P;  t)  -  ( Gj  (t)  cos  a  +  iH(Gj  (0)  sin  a)  •  e'p , 

Gk  (a,  P;  t)  =  ( -Gk  (t)  sin  a  +  iH (Gk  (t))  cos  a)  •  e'p , 

BpeMeHHbie  crpyiaypbi  y  KoropoM  Taicxce,  KaK  h  y  which  time  structures  are  different  (as 
HcxoflHoft  napbi,  paajiHHHbi  h  onpeflejunorca  no  (13).  the  initial  pair)  and  detemined  by  (13). 

Moxho  Tenepb  otohth  or  « aHajiHTHuecKoro  It  is  possible  to  put  aside  the  "analy- 
npe^craBJiemui»  (7)  pjix  paccMaTpHBaeMOM  napbi  tical  representation"  (7)  for  the  conside- 
KOMnoHeHT  no;ia  k  BeicropHOMy,  me  otm eu eHHbiu  red  components  pair,  and  pass  to  vector 
nepexon  6yaeT  cooTBeTCTBOBaTb  3aMeHe  Beicropa  where  the  transition  will  correspond  to 

replacement  of  the  vector 

GJk(0,0-,t)  =  [Gj(t),Gk(t)]T  =  [Gj  (0, 0;/),  Gk  (0, 0;  t)]T 

BeKTopoM  by  vector 

GJk(a,m  =  [Gy(a,p;0,Gt(a,(3;0f , 

KOMnoHeHTbi  KOTOporo  opToroHajibHbi  no  no-  whose  components  have  orthogonal  pola- 
JiapH3anHOHHOMy  cocToaHHio.  Jinx  BBeneHHoro  rization  states.  For  the  introduced  set  of 
MHOxecTBa  BeKTopoB  oueBHAHbiM  o6pa30M  mo-  vectors,  the  scalar  product  can  be  define 
acer  6biTb  yrouHeHO  cKajiapHoe  npoH3Be,zieHHe  more  exactly 
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__  +*>  __+  _ 

(Gjk  (a, ,  p, ;  0,  GJk  (a2 ,  P2 ;/))  =  G,*  (a, ,  p, ;  /),  Gjt  (a2 ,  p2 ^ .  (14) 

Ha  «BeKTopHOM»  ji3biKe  (12)-(13)  OTBeuaioT  In  "vector"  language,  (12)-(  13)  corres- 
MaTpHUHOMy  npeo6pa30BaHHK)  pond  to  matrix  transformation 

GJk  (a,  p;0  =  Q(  a,  p;  0, 0)  Q,  (a,  p)  G,,  (0, 0;0,  (15) 


TAe  hpdkhhh  HHAexc  b  MaTpHue  Qt( a,p)  yKa3bi- 
BaeT  Ha  coBepmaeMbie  stom  MarpHueti  npeobpa- 
30BaHHH  BpeMeHHOM  CTpyKTypbl.  B  ABHOM  BHAe 
MaTpHUbi,  Bxozwmwe  b  (15),  3anHCbiBaiOTCH  cjre- 
AyiomHM  o6pa30M 


where  subscript  «t»  in  2,(a»P)  denotes 
time  structure  transformation  performed 
by  this  matrix.  In  an  explicit  form,  the 
matrices  in  (15)  are  written  as  follows 


Q{  a,p;0,0)  =  e'p 


cos  a  + /sin a// 
0 


0 

-sin  a  + /cos  a  H 


O: 


(16) 


Q,(  a,p)  =  ^- 


cos  p  cos  a  -  sin  a  sin  p H 
cos  p /  sin  a  +  sin  p  cos  a H 


-  sin  p  cos  a  -  cos  P  sin  a H 

-  sin  p  sin  a  +  cos  a  cos  p H 


(*). 


(17) 


MaTpHUbi  (16)  H  (17)  HBAHIOTCfl  yHHTapHbIMH 
b  cMbicjie  (14). 

TaKHM  o6pa30M,  xax  «aHajiHTHuecKHe»,  rax 
n  «BeicropHbie»  npeAcraBJieHHH  AOKa3biBaiOT  yr- 
BepxqteHHe,  hto  bcakba  napa  KOMnoHeHT  hcxoa- 
Horo  nojia  AonycxaeT  paaAOxeHHe  Ha  ABe  opTo- 
roHajibHbie  no  nojmpH3anHOHHOMy  coctoahhio 
KOMnoHeHTbi,  OAHaKO,  b  o6meM  cjiyuae,  paaAH- 
naiomHecfl  cbohmh  BpeMeHHbiMH  crpyicrypaMH. 
OTMeTMM  TaKHce,  mto  opToroHanbHOCTb  no  no- 
JI51pH3aUH0HH0My  COCTOAHHK)  COXpaHAeTCA  npH 
AioSbix  BpeMeHHbix  cTpyxiypax  sthx  KOMnoHeHT. 

Tot  4>aicr,  hto  noAApM3annoHHbie  napaiweT- 
pbi  a  h  P  Moryr  ycraHaBAHBaTbCA  npoH3Bo;ibHo, 
no3BOAaeT  AA»  Bcex  nap  KOMnoHeHT  tioaa  Bbi6- 
paTb  3th  napaMeTpbi  oAHHaKOBbiMH.  3to  AaeT 
B03MOXCHOCTb  HaA^AHTb  BCK)  COBOKynHOCTb  KOM- 
noHeHT  nojiapH3anHOHHon  CTpyxrypoH.  B  3Tom 
cAynae  aaa  no aa  ocTaeTCA  cnpaBeAAHBbiM  (12), 
TOAbKo  BpeMeHHaa  cTpyxiypa  Bcero  noAA  6y- 
AeT  3aAaBaTbCH  /2~MepHbIMH  BeKTOpaMH.  Bo3MO>K- 
Hbi  h  Apyrne  komShhaumh  npn  nepexoAe  «ot  nap 
KOMnOHeHT»  K  «CHCTeMe  BCeX  KOMnOHeHT»,  co- 
oTBeTCTByrouteH  aHaAH3HpyeM0My  noAio. 

B  MaTeMaTHKe  AOKa3biBaeTca,  uto  ecAH  co- 
6AK)AaK)TCA  yCAOBHA  AHHeHHOCTH,  HenpepbiB- 
HOCTH  H  TpaHCAAUHOHHOil  HHBapHaHTHOCTM,  TO 
cymecTByeT  eAHHCTBeHHaa  nxn  MaTpnna  S(/), 
SAeMeHTaMH  KOTopoft  abaaiotca  o6o6meHHbie 
c|)yHKnHH,  CBH3biBaj9,maH  noAaiomee  Ha  npeob- 
pa30BaTeAb  noAA  G  (/)  h  COBOKynHOCTb  npe- 
o6pa30BaHHbix  KOMnoHeHT  noAH  G  ( t )  coot- 
HoiueHHeM  rana  cBepTKH 


Matrices  (16)  and  (17)  are  unitary  in 
terms  of  (14). 

Thus,  both  "analytical",  and  "vector" 
representations  prove  the  statement  that 
any  pair  of  components  of  the  initial 
field  allows  the  decomposition  into  two 
polarization  orthogonal  components, 
which,  in  general,  differ  in  time  structures. 
It  should  be  noted  that  polarization 
orthogonality  is  preserved  for  any  time 
structures  of  the  components. 

The  fact  that  the  polarization  parame¬ 
ters  a  and  p  may  be  arbitrary  allows  to 
choose  them  equal.  It  allows  to  assign 
polarization  structure  to  the  whole  set  of 
components.  In  this  case,  relation  (12) 
remains  valid  for  the  field,  only  the  time 
structure  of  the  whole  field  will  be  des¬ 
cribed  by  //-dimensional  vectors.  Other 
combinations  are  also  possible  under 
transition  "from  pairs  of  components"  to 
"a  system  of  all  components"  correspon¬ 
ding  to  the  analyzed  field. 

In  mathematics  it  is  proved  that  if 
conditions  of  linearity,  continuum  and 
translation  invariance  are  satisfied, 
there  is  single  nxn  matrix  S(/),  which 
elements  are  generalized  fractions 
connecting  the  incident  field  G  (t)  and 
aggregate  of  transformed  field 
components  G°“'  (t)  by  convolution  type 
relationshi  p 
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+°o  _ 

G"'"(t)=  f  S(t-z)G‘\x)ch. 
—00 


(18) 


Bo3Mo>KH0CTb  npc^cTaBJieHHH  napbi  nojieft  co- 
BOKyilHOCTbK)  npOH3BOJIbHO  nOJIKpH30BaHHbIX 
KOMnOHeHT  Ha  OCHOBaHHH  (15)  n03B0JUieT  flO- 
nycTHTb  HHyio  3KBHBajieHTHyio  3anwcb  (18) 


The  possibility  to  represent  a  pair  of 
fields  by  assemblage  by  arbitrary  pola¬ 
rized  components  based  on  (15)  allows 
to  admit  another  equivalent  record  (18) 


G7(ao,",po,";0=  IS  pOT',cc/n,p"’;f-x)G'"(ai",r;T)dx, 


(19) 


r,ue  Hcnojib30BaHO  o6o3HaneHHe  win  «hoboh»  where  designation  a  "new"  matrix  is  used, 
MaTpHitbi,  ho  cocToameH  yace  H3  KOMiuieKCHbix  but  already  consisting  from  complex 
aneMeHTOB  elements 


Sjk  (a°“ ,  P01" ,  a"' ,  P'" ;  /)  = 

=  Q(a0"' ,  p"" ;  0, 0)  Q,  (a01" ,  P°"'  )SJlt(0,0,0,0;t)Q,  (a"' ,  p'" )  (a'" ,  p'" ;  0, 0)  (20) 


Mokho,  cjie^oBaTejibHo,  cnmaTb  (20)  npe/t- 
daBJieHHeM  MaTpHUbi  npeo6pa30BaHHfl  fleTex- 
Topa  win  flpyroH  nojmpH3auHOHHOH  cTpyKTypbi 
Hccae^yeMoro  nojia. 

JlBHbie  aHajiHTHHecKHe  BbipaxceHHB,  xa k  win 
KOMnOHeHT,  Tax  h  win  ero  npeo6pa30BaTe;m 
no3BOJUHOT  6e3  Tpyua  aHajioroBHMH  hjih  uhcJ)- 
pOBbIMH  CpenCTBaMH  CHHTe3HpOBaTb  COOTBeT- 
CTBytoniHe  H3MepHTejibHbie  npoueaypbi. 

B  [1-6]  CHHTe3HpOBaHbi  TexHOjiorHH  Ha^ejie- 
HHH  Jliofibix  Cinn-CHrHaJTOB  nOJinpH3aUHOHHOH 
CTpyxrypoH,  6a3HpyiomHec5i  Ha  Hcnojib30BaHHH 
npeo6pa30BaHHn  THJibfiepTa  h  4>opMHpoBaHHfl 
COOTBeTCTByiOmHX  n0JI5IpH30BaHHbIX  aHaJIHTH- 
qecxHX  curHanoB.  «HMnyjibCHbie»  acnexrbi  sthx 
TexHOJiorHH  paccMorpeHbi  b  [7-8],  6a3HpyioiuH- 
ecH  Ha  pe3yjibTaTax,  nonyneHHbix  cneimajiHCTa- 
mh  neTepfiyprcxHX  opraHH3auHH:  OAO  «HniT 
«Pa£ap  MMC»  h  C>H3HKO-TexHnuecxoro  hhcth- 
Tyra  (OTH)  hm.  AO.  Pioc}xj)e. 

MeTOttbl  4>OpMHpOBaHHH  CUin-CHrHaJIOB 
nojrynpoBOBHHxoBbiMH  npnfiopaMH  Ha  ocHOBe  Tax 
Ha3biBaeMbix  «^pen4x)Bbix  mojxoB  c  pe3XHM  boc- 
craHOBjieHHeM»  (ZW PB)  h  npnfiopoB  Ha  3anep>KaH- 
hoh  HOHH3autHH  C53M)  6buiH  pa3pa6oraHbi  b  OTH 
hm.  A.O.  Mo4x})e  oxojio  20  Jier  ua3ajx.  Hnoraa  win 
3toh  nejin  HcnoJib3yiOT  HH3XonacTOTHbie  npHfio- 
pbi,  xoTopbie  nocne  cooTBercTByiomeH  nepeneji- 
xh  no3BOJiHK)T  nojiyuarb  aocraTOUHO  yzroBJieTBo- 
pHTeJIbHbie  XapaXTepHCTHXH  H3JiyHeHHB,  xoth  h 
ycrynaiomHe  cneixHariH3HpoBaHHbiM  npHfiopaM. 

FIojiynpoBonHHXOBbie  cyfinaHOcexyH^CHbie  re- 
HepaTopbi  Ha  Hanp5DxeHHU  6onee  30-50  xB  b  Ha- 
rpy3xy  50  Om  b  o^hom  Mouyjie,  npaxTHnecxH  He 
MoryT  xoHxypnpoBaTb  c  ra3opa3pRHHMMH  no 


Therefore,  one  can  consider  (20)  as  a 
representation  of  transformation  matrix 
of  a  detector  for  other  polarization  struc¬ 
ture  of  the  explored  field. 

The  analytical  expressions  in  closed 
form  as  for  components,  and  for  its 
transformer  allow  to  easily  synthesize, 
by  analogue  or  digital  means,  the 
corresponding  measuring  procedures. 

In  [l]-[6],  technologies  of  assigning 
polarization  structure  to  any  UWB  sig¬ 
nals,  based  on  the  Hilbert  transformation 
and  formation  of  the  corresponding  pola¬ 
rized  analytical  signals,  have  been  synthe¬ 
sized.  "Pulse"  aspects  of  the  technologies 
based  on  the  results  obtained  by  experts 
of  PC  "SPF  "Radar-MMS"  and  AF.  Ioffe 
Physical  &  Engineering  Institute  (FTI) 
(Saint-Petersburg)  were  considered  in 
[7]-[8] 

Methods  of  UWB  signals  generation 
by  semiconductor  devices  (Drifted  Di¬ 
odes  with  Sharp  Recovery  (DDSR)  and 
Detained  Ionization  Devices  (DID)) 
have  been  developed  in  FTI  twenty  years 
ago.  Sometimes  for  this  purpose  low- 
frequency  devices  are  used,  which  allow, 
after  corresponding  recasting,  to  obtain 
quite  satisfactory  radiation  characte¬ 
ristics  though  yielding  to  specialized 
devices. 

Semiconductor  sub-nanosecond  osci¬ 
llators  with  more  than  30-50  kV  voltage 
and  50  Ohm  load  in  a  module,  cannot 
compete  with  discharge  oscillators  in 
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ueHe,  Ha^exHocTH  h  £&*:e  nopTaraBHocra.  Ceri- 
qac  3,necb  Bee  BHMMaHHe  KOHueHTpupyeTca  Ha 
BbinycKe  floeraTouHo  uiHpoKOH  HOMeHKJiaTypbi 
cy6HaHOceKyH,HHbix  reHepaTOpos  b  ,UHana30He 
5-25  kB  (moluhocth  1-10  MBt)  Ha  uacTOTbi  cne- 
zioBaHHH  b  eAHHHUbi  mraorepu. 

HaH6ojiee  a^KjjeKTHBHbiM  h  nepcneKTMBHbiM 
nyreM  yBejiHueHHH  moiuhoctm  Ha  Harpy3Ke  hjih 
M3JiyneHHoft  b  npocTpaHCTBo  cjiejayeT  cnwraTb 
KorepeHTHoe  cnoxeHHe  MomHociew  ot  MHornx 
reHepaTopoB.  B  3tom  cjiyuae  yaaeTcn  ncnojib30- 
BaTb  ocHOBHbie  npenMymecTBa  nojiynpoBo,OHH- 
kobwx  npwSopOB  cpe/iHeH  moiuhocth:  crariHJib- 
HOCTb  nOJIOXeHHH  HMnyJlbCOB  BO  BpeweHH, 
BbicoxaM  nacTOTa  noBTopeHHa  (uecHTKH  h  cothh 
jouiorepu),  KOMiraKTHocTb  h  ueHa. 

Haw6oJiee  nepcneKTHBHbiMH  ceroflHH  npefl- 
craBJunoTCH  noaynpoBOAHMKOBbie  kjiiohm.  YjiyM- 
xueHHe  napaMeTpoB  TpaanuHOHHbix  moiuhmx 
KJIIOUeH  (TpaH3HCTOpOB,  THpHCTOpOB)  Ha  KpeM- 
HHH  6bIJIO  CBH3aHO  C  SbICTpbIM  yjiymiieHHeM  Tex- 
hojiothh.  Emjih  pa3pa6oTaHbi  c6opKH,  coctoh- 
lUHe  H3  6ojibiuoro  HHCJia  nojieBbix  TpaH3HcropoB 
(MOSFET),  cnocoSHbie  nepeKjnouaTb  Hanp*DKe- 
HHH  B  HeCKOJlbKO  KHJIOBOJIbT  3a  eflHHHUbl  HaHO- 
ceKyna.  flajibHeftmee  yMeHbuieHwe  BpeweH  ne- 
peKJHOHeHHB  Ha  3TOM  nyTH  HeB03MO)KHO  H3-3a 
BJiHHHHa  napa3HTHbix  napaMeTpoB  (cmkocth  h 
HHayKTHBHocTH)  c6opKH.  npejuio^Ken  «BOJIHO- 
BOH»  cnoco6  oSbeZIHHeHHfl  TblCHM  MaJIOMOmHbIX 
6bICTpOfleHCTByK>mHX  JiaBHHHbIX  TpaH3HCTOpOB 

jyin  (Jx>pMHpoBaHHH  mnoBoubTHbix  Oto  12  kB) 
HMnyJlbCOB  c  BpeMeHeM  HapacTaHHH  MeHee  100 
nHKoceicyHjn,.  B  3Toh  criopxe  rpaH3HCTopbi  kohct- 
pyKTHBHo  npeacTaBJiajiH  co6oh  jihhhk)  nepejta- 
i|H  C  H3MeHBIOIHHMCH  BOJIHOBbIM  COnpOTHRJie- 
HHeM,  no  KoropoM  6e>xajia  Bojma  nepeKJiiOHeHHH. 
K  COXaJieHHK),  pecypC  JiaBHHHbIX  TpaH3HCTOpOB 
xaioKe  He  oueHb  bcjihk  ~107-1010  nepeKjnoueHHH. 
Bbixon  3jtecb  BHflHTCfl  b  Hcnojib30BaHHH  jmyx 

3(J>(J)eKT0B:  3<t>4)eKT  CBepx6bICTporO  BOCCTaHOB- 
jieHHH  Hanpa^eHHfl  h  a^eicr  cBepx6bicTporo 
o6paTHMoro  npo6oa  b  BbicoKOBOJibTHbix  nepe- 
xoaax.  KaxflbiH  m3  3tmx  3<JxJ)eKTOB  6bur  nojioaceH 
b  ocHOBy  pa3pa6oTaHHbix  #Byx  KJiaccoB  hobhx 
nonynpoBOflHHKOBbix  npnriopoB:  ztpeM(j>OBbie  npn- 
6opbi  c  pe3KHM  BoccTaHOBJieHHeM  h  npwSopbi 

Ha  3a£epxtaHHoft  HOHH3aijHH. 

B  3aBHCHM0CTH  ot  MHCJia  p-n  nepexojioB  (ot 
oflHoro  no  Tpex)  BHyrpH  Kaxuoro  KJiacca  6buiH 
pa3pa6oTaHbi:  npeftioBbie  flHonbi  c  pe3KHM 
BOCCTaHOBJieHHeM,  npeH<j)OBbie  TpaH3MCTOpbI  c 

pe3KHM  BoccTaHOBJieHHeM  (flTPB),  ,apeH<i>0Bbie 
THpHCTOpbl  C  pe3KHM  BOCCTaHOBJieHHeM  (IfTpPB), 
BHO^Hbie  o6ocTpHTej!H  Ha  3aaepxcaHHOH 


price,  reliability  and  even  portability.  At 
present,  all  attention  concentrates  on  pro¬ 
duction  of  wide  nomenclature  of  sub¬ 
nanosecond  oscillators  over  5-25  kV  range 
(1-10  MW  power)  with  repetition  frequ¬ 
encies  up  to  several  kHz. 

The  most  effective  and  perspective 
way  of  magnification  the  power  on  a 
loading  or  radiated  in  space  should  be 
considered  as  coherent  power  addition 
from  many  oscillators.  In  this  case  it  is 
possible  to  use  such  basic  advantages  of 
mean  power  semiconductor  devices  as 
stability  of  time  position  of  pulses,  high 
repetition  frequency  (tens  and  hundreds 
kHz),  compactness  and  price. 

At  present,  semiconductor  keys  are 
the  most  perspective.  Improvement  of 
parameters  of  standard  powerful  silicon 
keys  (transistors,  thyristors)  is  connec¬ 
ted  with  fast  advance  in  technology. 
Assemblies  consisting  of  a  large  number 
of  MOSFET  transistors  capable  to 
switch  a  few  kV  voltage  for  nanoseconds 
were  designed.  The  further  decrease  of 
switching  time  by  this  method  is  im¬ 
possible  because  of  influence  of  parasitic 
parameters  (capacity  and  inductance) 
of  an  assembly.  It  was  suggested  «wave» 
method  of  joining  of  thousand  low- 
current  fast  avalanche  transistors  for 
generation  of  pulses  (up  to  12  kV 
voltage)  with  rise  time  less  than  100 
picoseconds.  In  this  assembly,  transistors 
are  designed  in  the  form  of  transmission 
line  with  varying  wave  resistance  with 
switching  wave.  Unfortunately,  the  re¬ 
source  of  avalanche  transistors  is  not  so 
large  (~107-1010  switching  events).  The 
possible  solution  is  to  use  such  two 
effects  as  effect  of  ultrafast  voltage 
recovery  and  effect  of  ultrafast  reversible 
breakdown  in  high-voltage  transitions. 
Each  of  these  effects  becomes  the  basis 
of  two  classes  of  newly  designed  semi¬ 
conductor  devices  —  drifted  devices  with 
sharp  recovery  and  detained  ionization 
devices. 

Depending  on  number  of  p-n  transi¬ 
tions  (from  one  up  to  three)  inside  each 
class,  there  were  designed  drifted  diodes 
with  sharp  recovery  (DDSR),  drift  tran¬ 
sistors  with  sharp  recovery  (DTSR), 
drifted  thyristors  with  sharp  recovery 
(DThSR),  detained  ionization  diode 
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H0HM3aii.HH,  TpHOiUHbie  odocrpHTejiH  Ha  3aaep>KaH- 
HOH  MOHM3aiiHH,  ilHHHCTOpbl  Ha  3a£ep}KaHHOH 
HOHH3aHHH.  KaXHblH  H3  3THX  npHSopOB  HMeeT 
cboh  oGnacra  HaH6ojiee  3(J)(j)eKTHBHoro  npHMe- 
HeHHH. 

EbiJia  pa3pa6oTaHa  3<jx}>eKTHBHaH  TexHOJio- 
rm  noBbiuieHHH  Hanp5DKeHHH  nyreM  c6opKH  npn- 
6opoB  b  «CTonKy».  IIpH  3TOM  b  cjiyqae  HByxsjieK- 
Tpo^Hbix  npH6opoB  3Ta  c6opKa  Bbinumena  hjih 
noJib30BaTejiB  KaK  ohhh,  Taioxe  /iByxsjieKTpon- 
HblH  npn6op  BojIbUieH  TOJIlIIHHbl.  3th  KpeMHH- 
eBbie  npH6opbi  HMeior  nocTaToqHo  npocTyio 
TeXHOJlOTHIO  H3TOTOBJieHHH  H  COOTBeTCTBeHHO, 
oneHb  AemeBbi  naace  npH  MejiKocepwiiHOM  npo- 
H3BOflCTBe.  K  HacTonmeMy  BpeMeHH  yace  hoctmt- 
HyTbl  ypOBHH  HanpiDKeHHB,  6jIH3KHe  K  100  KH- 
JIOBOJIbT  H  4>POHTaX  MeHbUIHX  1  HC  (nHKOBbie 
MOIHHOCTH  flO  100  MBt).  IlpH  4>pOHTaX  -100  IIH- 
KoceKyH/i  AocTHTHyTbi  HanpaxeHHH  -20  khjio- 
BOJibT  (nHKOBbie  moiuhocth  6o;iee  10  MBt). 
CymecTBeHHaa  oco6eHHOCTb  3toh  TexHOJiorHH 
—  npaKTHHecKH  HeorpaHHqeHHbiH  pecypc  h  bh- 
COKaB  CTaSHJIbHOCTb. 

KpoMe  toto,  OKa3ajiocb  B03Moa<HbiM  co3aa- 
BaTb  MomHbie  Hano-  h  cyOHaHoceKyHAHbie  re- 
HepaTOpbl  C  nHKOBOH  MOIHHOCTbK)  B  neCHTKH  H 
COTHH  KHJIOBaTT  npH  MaCTOT3X  nOBTOpeHHB  HM- 
nynbcoB  b  Merarepubi.  CjienyeT  3aMeTHTb,  hto  hh 
OHHH  H3  HpyrHX  CymeCTByiOIHHX  B  MHpe  MeTOHOB 
He  no3BOjmeT  peuiarb  TaKHe  3anaqn  bbicokhx  qa- 
CTOT  nOBTOpeHHB.  EjiaTOHapH  Hpe3BbIHaHHO  Ma- 
jioMy  iDKHrrepy  cymecrByeT  B03M0XH0CTb  «Heo- 
rpaHHHeHHoro»  HapaniHBaHHa  moiuhocth  nyreM 
cyMMHpoBaHHB  HMnyjibcoB  Gojibinoro  qncjia  re- 
HepaTopoB,  npHHeM  KarobiH  reHepaTop  HBJiHeT- 
ca  npocTbiM  h  Majiora6apHTHbiM  ycTponcTBOM. 

HMeHHO  Ha  OCHOBe  HCn0JIb30BaHHH  KpeM- 
HHeBbix  nojiynpoBOHHHKOBbix  npn6opoB  cero/i- 
hh  pa3BHBaeTCH  b  OAO  «Hnn  « Paaap  MMC» 
HanpaBJieHHe  Cllin  panHonojiapHMeTpHH. 

JlHTepaTypa 

m  ABHiiieB  BE.,  CapbiqeB  B.A.  riojiHpH3a- 
UHOHHaa  CTpyKTypa  MHoroMepHbix  cht- 
HajioB  b  HH(J)opMauHOHHbix  KaHajiax 
TpaHCnopTHblX  paHHOSJieKTpOHHbIX  KOM- 
njieKcoB.  Tpy^bi  AxaneMHH  TpaHcnopTa, 
Bbin.l,  C-II6,  1994 

[2]  CapbiqeB  B.A  BburajieHHe  nojmpH3aiiHOH- 
hoh  CTpyicrypbi  npH  aeTeKTHpoBaHHH  H 
aHajiH3e  HHHaMHqecKMX  nojieii  c  HeH3Be- 
CTHblMH  npOCTpaHCTBeHHO-BpeMeHHbIMH 
xapaicrepHCTHKaMH.  C6ophhk  «F[po6jieMbi 
npocTpaHCTBa,  BpeMeHH  h  thtotchha* 
PAH,  1995,  C-n6,  IIojiHTexHHKa 


peakers,  detained  ionization  triode  pea- 
kers,  detained  ionization  dinistors.  Each 
of  these  devices  has  own  range  of  the 
most  effective  application. 

The  effective  technology  for  voltage 
increasing  by  assembling  devices  in  a 
"pile"  has  been  developed.  For  the  case 
of  two-electrode  devices,  this  assembly 
looks  like  as  one,  also  the  two-electrode 
device  with  more  thickness.  These  silicon 
devices  have  quite  simple  manufacturing 
technology  and  are  very  cheap  even  at 
small-lot  production.  At  present,  voltage 
level  close  to  100  kV  and  rise  time  less 
than  1  nanosecond  (peak  power  up  to 
100  MW)  are  already  achieved.  For  rise 
time  -100  picoseconds,  -20  kV  voltages 
(peak  powers  more  than  10  MW)  are 
achieved.  The  essence  of  this  technology 
is  practically  unlimited  resource  and 
high  stability. 


Besides,  it  was  possible  to  design 
powerful  nano-  and  sub-nanosecond 
oscillators  with  peak  power  of  tens  and 
hundreds  kW  with  MHz  pulse  repetition 
frequency.  It  should  be  noted  there  is  no 
other  method,  which  could  achieve 
such  high  PRF  values.  Due  to  extremely 
small  jitter,  there  is  an  opportunity  of 
the  "unlimited"  power  increasing  by 
summation  of  pulses  generated  by  many 
oscillators,  while  each  oscillator  is  a 
simple  and  small-sized  device. 

At  present,  PC  "SPF  "Radar-MMS" 
develops  UWB  radio  polarimetry 
methods  based  on  the  use  of  silicon 
semiconductor  devices. 
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B  Hepa3pbi6Hou  C6M3U  epeMeuHbix  u  eeKmopHbix 
ceoucme  y3fconoAOCHbix  sneKmpoMazmmHux  cuzua- 
Aoe  paccMampueaemcx  3adana  coeMecmmu  oi^eum 
doAbuocmu,  paduaAbHou  cicopocmu  u  noAxpiaaipioH- 
Hbix  napoMempoe  npocmpaHcmeeHno-pacnpedeaembix, 
HecmaipiOHapubix  eo  epeMenu  paduoAOKamiOHHbix 
oBbexmoe.  Beodumcx  Mampmuax  (pyHKnux  omKAUKa 
(M0O)  npormotcetiHozo  HecmaipiouapHozo  oObeic- 
ma,  Komopax  no3eoAxem  KoppeKirwo  onucamb  ezo 
KOopdmamHue  u  noAxpmaipiomue  ceoucmea  u 
npuMemmb  dxx  onucamx  paduoAOKau,uomou  cuc- 
meMbi  Memodbi  Aunemou  <puAbmpau,uu  eeKmopHbix 
( noAxpu3oecMHbix )  cuzHOAOB.  OnpedeAeHbi  mpe6o- 
eauux  k  3ondupyioiqeMy  eexmopnoMy  cuznaxy  u 
nponedype  o6pa6omKU  ompaxcemozo  eexmopnozo 
cuzuaaa,  ueodxoduMbie  u  docmamonnue  dxx  peiue- 
hux  paccMampueaeMou  3adanu. 


The  problem  of  joint  estimation  of  range, 
radial  velocity  and  polarization  parameters 
of  spatially  distributed,  time  fluctuating 
radar  objects  is  considered  in  continuous 
relation  of  temporal  and  vector  properties 
of  narrow-band  electromagnetic  signals. 
Matrix  response  function  of  extended  non¬ 
stationary  object,  which  allows  to  correctly 
describe  its  coordinate  and  polarization 
properties  and  apply  methods  of  linear 
filtering  of  vector  (polarized)  signals  for 
analysis  of  radar  systems ,  is  introduced. 
Requirements  to  sounding  vector  signal 
and  signal  processing  procedure  of  the 
reflected  signal,  which  are  necessary  and 
sufficient  for  solution  of  the  stated  problem, 
are  formulated. 


1.  MoAejn»  paAHOJioKaimoHHoro  oribCKTa  h  1.  Model  of  radar  object  and  its 

ero  MaTpHunaa  (J)ynKHHH  OTKJiHKa  matrix  response  function 


PeajibHLie  paAHOAOKauHOHHbie  o6i>eicrbi  M\ie- 
iot  HeHyjieBbie  npocTpaHCTBeHHbie  pa3Mepbi,  h  b 
paMxax  KOHuenutHH  «6jiecnrmHX  ToueK»  hx  mojkho 
npeACTaBHTb  b  BHAe  coBOKynHocra  «ToueuHbix» 
3JieMeHTapHbix  orpaacaTejieH,  pacnpeAejieHHbix  no 
npocTpaHCTBy  h  HMejomnx  b  o6meM  cjiynae  pa3- 
JlHHHbie  paAMaJIbHbie  CKOpOCTH  ABHXCeHHH  OTHO- 
CHTeJIbHO  TOHKH  BH3HpOBaHH5t.  IlpH  TaKOM  nOA" 
xoAe  bcb  30HAHpyeMaB  o6Aacrb  npocTpaHCTBa 
HBJiaeTca  oahhm  npocTpaHCTBeHHO-pacnpeAeAeH- 
HbiM,  HecrauHOHapHbiM  o&beicroM  (ITPHO).  Mo- 
AeAb  Taxoro  o6i>eKTa  cxeMarauHo  M3o6pa#ceHa 
Ha  pHC.  1,  KaK  HaCTb  MOAeJIH  OAHOn03HUHOHHOrO 

paAHOAOKauHOHHoro  (PJ1)  xaHajia. 

Hjw  o6mero  cjiyuaa  abhxcchhh  ajieMeHrap- 
Horo  oTpaacaTeAH  nPHO  c  paAHajibHOH  cxopo- 
cTbio  V.  ero  KoopAHHaTHbie  napaMerpbi  (AanbHocrb, 
paAHaJIbHaH  CKOpoCTb)  H  nOAHpH3aUHOHHbie  CBOH- 
CTBa  MOXCHO  COBMeCTHO  npeACTHBHTb  B  BHAe  MaT- 
pHUHOH  (JjyHKUHH  OTKJiHKa  (MOO) 


Real  radar  objects  have  finite  dimen¬ 
sions  and  (within  the  concept  of  "bright 
points")  can  be  presented  as  an  ensemble 
of  "point"  elementary  reflectors  distribu¬ 
ted  in  space  and  having,  in  general, 
different  radial  velocities  relatively  to 
sounding  radar.  In  this  case,  the  whole 
illuminated  area  is  a  single  spatially 
distributed  non-stationary  object 
(SDNO).  The  model  of  such  object  is 
schematically  shown  in  Fig.  1 ,  as  a  part 
of  monostatic  radar  channel  model. 


If  an  elementary  reflector  of  SDNO 
moves  with  radial  velocity  V.,  then  its 
coordinate  parameters  (range,  radial 
velocity)  and  polarization  properties  can 
be  presented  as  the  matrix  response 
function  (MRF) 


67 
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g,  (t,  n)  =  8(x, ,  q,  )  ■  S,  =  5(1; ,  n, )  • 


(  C7  c7  ^ 

Oj,  o12 

's'h 

8n^ 

O7  Of 

V°21  °22j 

^21 

822  j 

(l) 


tjxq  onepaxop  S.  —  MaTpmta  obparHoro  pacceflHHfl 
sjieMeHTapHoro  OTpaxcaTeiiH,  t~2 D./c  -  Bpewa 
3a^epxKH  orpaxceHHoro  cnrHana  ur/(/,co)  otho- 
cHTeubHO  MOMeHTa  M3JiyqeHHa  30H^Hpyiouuero 
cHmaaa  u0(/,o>),  -  florwepoBCKoe 

cMemeHMe  qacrorti  orpaxceHHoro  cumajia,  o6yc- 
JIOBJieHHOe  paHHajIbHOM  CKOpOCTbK)  orpaxcarejui  (c 
“  CKOpOCTb  CBCTa,  X0  —  ZUlHHa  BOJIHbl). 


where  S.  is  backscattering  matrix  (BSM) 
of  the  elementary  reflector,  x=2 D./c  is 
delay  time  of  reflected  signal  ur/(f5a>) 
relatively  to  instant  of  sounding  signal 
u0(/,co)  radiation,  0/  =2 VjX0  is  Doppler 
frequency  shift  of  the  reflected  signal  (c  is 
the  light  speed,  \  is  wavelength  of  the 
sounding  signal). 


Phc.  1.  Moaejib  oaHono3HUHOHHoro  paaHOJiOKauHOHHoro  KaHajia 
Fig.  1.  Model  of  monostatic  radar  channel 

Ha  pnc.  2  cxeMarauecKH  noxa3aH  mux  MaT-  Figure  2  shows  schematic  diagram 
pHHHOM  4>yHKUHH  oTKJiHKa  g,  (x,  o)  TOHeuHoro  of  the  matrix  response  function  g,  (x,  o) 
oGiieKTa.  of  a  point  object. 


Phc.  2.  flpHMep  MaTpMMHOH  (JjyHKUHH  OTKJiHKa  g^n)  ToaeMHoro  obteKTa  ua 
nJIOCKOCTH  «BpeMH-MacTOTa» 

Fig.  2.  Example  of  the  matrix  response  function  g,(x,Q)  of  a  point  object  on 
«time-frequency»  plane 


Joint  Estimation  of  Coordinate  and  Polarization  Parameters  of  Radar  Objects 


Kaxnjjin  H3  3JieM6HTOB  g]j  3Toro  onepaTOpa  jib-  Each  of  elements  gy  of  the  operator  is  a 
jmeTCfl,aejibTa-4)yHKUHeH,  3a^aHHaji  BTO^Ke  t.,  Q;  delta  function  given  in  the  point  xp  £1, 
H  yMHO)KeHHaa  Ha  cooTBeTCTBytomuM  3JieMeHT  Sy  and  multiplied  on  the  corresponding 
MaTpmibi  oGpaTHoro  pacceaHua  /- ro  TOueuHoro  element  Sy  of  the  i-th  back  scattering 
obbeicra.  matrix. 

Xfna  «ToueuHoro»  3jieMeHrapHoro  oTpaxcaTejm  For  a  point  elementary  reflector  (ide- 
(H,neajiH3HpoBaHHbiM  cjiyuaM),  JiHHeHHbiepa3Mepbi  alized  case),  which  linear  dimensions  are 
xoToporo  MHoro  MeHbuie  ajieMeHTa  pa3peuieHHB  much  less  than  radar  resolution  cell  in 
PJIC  no  a3HMyry  h  #ajibHOCTH,  4>opMajibHoe  co-  azimuth  and  range,  the  formal  relation 
oTBeTCTBHe  Mexcny  H3jiyueHHbiM  h  orpaxceHHbiM  between  radiated  and  reflected  signals  is 
cumajiaMH  ycraHaBJiHBaeTCji  cooTHoineHHeM  MaT-  defined  by  matrix  convolution 
pHUHOH  CBepTKH 

U„(^M)  =  g,(x,n)*U0(/,ffl)=  (2) 


IlpH  objiyueHHH  nPHO  curHajioM  While  irradiating  SDNO  by  signal 


cyMMapHbiH  otkjihk  moxcho  npe/xcTaBHTb  b  Bime  the  total  responce  is  a  sum  of  responses 
cyMMbi  otkjihkob  ir(/,co)  Kaxcfloro  H3  o6pa3y-  un{t, co)  caused  by  i-th  elementary  ref- 
joiuhx  ero  3jieMeHTapHbix  OTpaxcaTeneH  lector 


U£(/,CO)  =  £u„  (/,«»)  =  £ g/C't.O)  *  »o(?,03)  =  Gx(x,  a)  *  U0(/,co). 


IlpH  stom  MaxpHUHaa  chyHKUua  oTKJiMxa  Gs  paB-  Thus,  the  matrix  response  function  Gz  is 
Ha  cyMMe  MOO  Bcex  o&beicroB,  o6pa3yiomHX  pa-  equal  to  sum  of  MRFs  of  all  objects  observed. 
HHOJioKauHOHHyio  obcraHOBKy.  KauecrBeHHo,  bhjx  Schematic  diagram  of  the  MRF  is  shown 
MOO  npoHJunocTpHpoBaH  Ha  pwc.  3.  in  Fig.  3. 


Gz( r,Q) 


Phc.  3.  IlpHMep  MaTpHMHoft  (J)yHKUHH  OTKHHKa  Gz(i,ft)  npocTpaHCTBeHHO-pacnpeflejrieHHoro, 
HecTauuoHapHoro  obteKTa,  3ajaHHOH  Ha  tuiockocth  «BpeMH-HacTOTa» 

Fig.  3.  Example  of  the  matrix  response  function  Gz(t,Q)  of  a  spatially  distributed  non¬ 
stationary  object  on  «time-frequency»  plane 
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MarpHHHafl  4>yHKUMH  onoiMKa  ecrb  pa3Birme 
noHATHH  MarpHUbi  o6paTHoro  pacceaHHfl,  pac- 
npocTpaHeHHoe  Ha  nporaKeHHbie,  ABUxymneca 
(HecraxmoHapHbie)  pa^HOjioKaunoHHbie  oribeKTbi. 

B  o6meM  cjiyqae  3a^aqa  cobmccthom  oueHKH 
no^HpH3auHOHHbix  h  Koop^HHaTHbix  napawerpoB 
pa^ojioKauwoHHbix  o6beKTOB,  c  yqeTOM  Beicrop- 
Hbix  cbohctb  3JieKTpoMarHHTHoro  nOJIH,  COCTO- 
ht  b  tom,  MTo6bi  no  pe3yjibraTaM  Ha6jno,aeHMH 
oTpa*:eHHoro  cwmajia  u  z(rio),  npH  h3bccthom 
30HaHpyK)iueM  cumarce  u0(7,co),  oneHHTb  MaT- 
pHHHyiO  4>yHKUHIO  OTKJIHKa  Gz(x,Q). 

2.  IlepBH'iHaa  o6pa6oTKa  OTpaaceiiHoro 

BeKxopHoro  CHruajia 

H3BecTHbiM  h  eAHHCTBeHHbiM  MeTO^OM  pe- 
uieHHH  MaxpHiiHoro  ypaBHeHHfl  (3)  OTHOCHTCJibHO 
Gz(x,n)  HBJiqeTca  npoue^ypa  BeicropHOH  cBep- 
tkh  o6ewx  qacfeft  ypaBHeHHfl  (3)  c  HeKOTopbiM 
BeKTopoM  u(x,q)  (^HJibTpyiomaa  BeKTopHan 
4>yHKUHH),  B  COOTBeTCTBHH  C  BblpaxeHHeM 


The  matrix  responce  function  is  an 
expansion  of  the  backscattering  matrix 
notion  for  the  case  of  extended  (time- 
dependent)  moving  radar  objects. 

In  general,  the  problem  of  joint  esti¬ 
mation  of  polarization  and  coordinate 
parameters  of  radar  objects,  in  view  of 
vector  properties  of  EM  field,  consist  in 
estimation  of  the  MRF  Gz(x,n)  by  the 
reflected  signal  uz(r,co)  with  known  radi¬ 
ated  signal  u0(/,ca). 

2.  Primary  processing  of  reflected 

vector  signal 

The  known  and  unique  method  of  the 
matrix  equation  (3)  solution  as  concerns 
Gz(x,n)  is  the  procedure  of  vector  con¬ 
volution  of  both  sides  of  (3)  with  a  vector 
u(x,n)  (filtering  vector  function)  in 
accordance  with  expression 


uz(f,co)°u(x,Q)  =  co-Q)®  u(t,Q) dxdQ,  (4) 


me  3HaKH  ®,  ~  o6o3HaqaiOT  BeKTOpnyio  cBepr- 
Ky,  yMHOJKeHne  no  KpoHexepy  h  TpaHcnoHHpo- 
BaHMe,  cooTBercrBeHHo. 

Hcnojib3yn  cooTHoineHne  (3),  BbipaaceHHe 
(4)  mo>kho  nepenwcaTb  b  pa3BepHyTOM  bhjxc 


where  signs  ®,  ~  denote  vector  con¬ 
volution,  Kronecker  multiplication,  and 
transposition,  correspondingly. 

With  the  use  of  (3),  expression  (4) 
can  be  rewritten  in  the  form 


uz (t, co)  o  u(x,  Q)  =  G z (x,  Q)  u0(^co)  ou(x,Q)  =  G  z (x,  Q)  X(/,  m)  -  J (t9 co) .  (5) 

-V-- 


OnepaTop  X(^co)  b  (5)  ecTb  MarpHita  B3anM- 
HOH  KOrepeHTHOCTH  BeKTOpHbIX  (hyHKUHH 
u0(/,co),  u(x,o),  onpe^ejieHHaa  win  Bcex  B03- 
moxhhx  napaweTpoB  c^BHra  x,Q.  riyreM  bbi6o- 
pa  3THX  (hyHKUHH  MO)KHO  Onpe/jeJIHTb  pa3JIHM- 
Hbie  CBOHCTBa  onepaTopa  X(rico). 

CooTHomeHHe  (4)  onpe/jejiaeT  Heo6xo,zm- 
Myio  npoueaypy  nepBHHHOH  o6pa6oTKH  oTpa- 
)KeHHoro  BeKTOpHoro  cnmajia,  KaK  ero  Beicrop- 
Hyio  cBepTKy  c  aoHXtwpyioninM  cHraanoM.  CxeMa 
ajiropnTMa,  peajnoyiomero  o6pa6oTKy  OTpa- 
xceHHoro  cnraa^a  b  cooTBeTCTBHH  c  Bbipaate- 
hhhmh  (4,  5)  npeucTaBJieHa  Ha  puc.  4. 

OTpaaceHHblfl  BeKTOpHblH  CHman  uz(/,co)  Ha 
Bbixo^e  npneMHOH  aHreiiHbi  npeAcraiDieH  ^syMB 
cKanapHbiMH  cwmanaMH  w,  (*,©),  u2(t,c o),  koto- 


The  operator  X(rito)  in  (5)  is  the  cross 
coherence  matrix  of  the  vector  functions 
u0(r,co),  u(x,o)  defined  for  all  possible 
parameters  x,Q.  By  choice  of  these  func¬ 
tions,  it  is  possible  to  determine  various 
properties  of  the  operator  X(f,co). 

The  relation  (4)  defines  the  necessary 
procedure  of  primary  processing  of  the 
reflected  signal  in  the  form  of  its  vector 
convolution  with  the  sounding  signal. 
Block-diagram  of  the  algorithm  realizing 
the  reflected  signal  processing  according 
to  (4)  and  (5)  is  shown  in  Fig.  4. 

The  reflected  vector  signal  uz(/,co) 
at  the  output  of  the  receiving  antenna  is 
presented  by  two  scalar  signals  ux  (rito), 
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pue  Ha6^K)^aiarcfl  Ha  Bbixo^e  oproroHajibHbix  no  w2(f,co),  which  are  at  the  outputs  of 
nojiflpH3auHM  nuTaiomux  (JwepoB  aHTeHHbi  orthogonal  antenna  feeders. 


u  s(f,CD) 


w2  (/,©)/ 


(6) 


B  cooTBeTCTBHH  c  (3),  oTpaxeHHbiw  Beicrop-  According  to  (3),  the  reflected  vector 
HbiH  cwmaji  b  pa3BepHyTofi  4>opMe  HMeeT  bha  signal  reads  as 


uz(f,co)=  JJ 


si  gfi 
sl i  gl 2 


==[*''  +  fo*'*)],  (7) 

f2(t,<0) JJ  [gl  Mt,co)  +  gf2 


rae  gf  —  ojieMeHTbi  MaTpnnHon  (J)yHKUHH  ot-  where  gf  are  elements  of  the  object's 
KJiHKa  obbeicra.  matrix  response  function. 


Phc.  4.  06o6meHHbiH  anropHTM  nepBHHHoii  o6pa6oTKH  oTpaxeHHoro  BeKTopHoro 
curHaria  (MF  -  MaTpHHHbiw  4)HJibTp) 

Fig.  4.  Generalized  algorithm  of  primary  processing  of  reflected  vector  signal  («MF» 
denotes  matrix  filter) 


fljifl  peajrH3anHH  BeKTopHOM  CBepTKH  oTpa-  In  order  to  realize  the  vector  convo- 
xeHHoro  cnmajia  uz(r,co)  c  hckotopoh  Beicrop-  lution  of  the  reflected  signal  uz(/,co)  with 
hoh  (JiHJibTpyiomeM  4>yHKnHeH  u(x,q)  (cm.  (5))  vector  filtering  function  u(x,q)  (see  (5)) 


u(x,n) 


uf2(t,n)  J’ 


(8) 


HeodxoAHMO  xaxyiyK) KOMnoHemy  u.(t, co)  (/=!,  2)  it  is  necessary  to  convolute  each  of 
oTpaxceHHoro  BeKTopHoro  cmnajia  CBepHyTb  c  components  «,(/,©)  (/  =1,  2)  of  the 
onopHbiMH  cjiynKumiMH  Uj r .  (x,  a)  xax,  Kax  sto  no-  reflected  signal  with  reference  functions 
Ka3aHo  Ha  pnc.  4.  npn  stom  pe3yjibxaTOM  ksdkaoh  H3  ufi (x,  q)  as  is  shown  in  Fig.  4.  Thus,  the 
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CBepTOK  6yaeT  oneHKa  ojmoro  H3  3JieMeHT0B  gf 
MaTpHHHOH  (J)yHKUHH  OTKJIHKa  Gi(t,H)  O&beK- 
Ta.  B  pa3BepHyroM  BHue  cooTHomeHHe  (5)  npn- 
HMMaeT  BH,H 


result  of  the  convolutions  will  be  esti¬ 
mate  of  gf  element  of  the  MRF  G2(x,n). 
Finally,  the  relation  (5)  takes  the  form 


J(/,co)  =  Uj-(;,co)ou(T,n)=  || 


U2(t,  co) 


(gf,  f,(t,a>)  +  g£ i  /2  ('>«)) 

(gf,  f,(t,®)  +  gf2  /2  ('=“))  ); 


®[w/1(T,n)  uf2(i,a)\dxda  = 

(in  f,(t>®)  +  gn  /2(',®))  u/2(x,q) 

(gf,  f,(t><*)  +  gfi  /20>®)) «fi(x,a) 


(9) 


OueBHflHO,  hto  mn  Toro,  HToSbi  <J)opMHpyeMbm 
OTKJIHK  J(/,G))  B  BblpaxeHHH  (9)  6bIJI  COCTOB- 
TeJlbHOM  OireHKOM  MaTpHHHOH  (jjyHKUHH  OTKJIH¬ 


Ka,  T.e. 


J(/jco)=Gi(t5q)  = 


In  order  that  the  generated  response 
J(/,co)  in  (9)  becomes  a  consistent  MRF 
estimate,  i.e. 


il 

& 


Gy  (t,  n) , 


(10) 


HeoSxoaHMO  HajIO>KHTb  HeKOTOpbie  Tpe60BaHHU 
Ha  cHrHajibi  f^t, co),  onpeflejimomHe  nacTOTHO- 
BpeMeHHyio  CTpyicrypy  opToroHajibHbix  no  no- 
jiflpH3aijHH  KOMnoHeHT  30HAHpyioiuero  cnmajia 
u0(r,co),  h  BeKTopHyio  (J)HJIbTpyK>myiO  (J)yHK- 
HHK)  u(x,n).  CyTb  3THX  Tpe60BaHHH  paCCMaTpH- 
BaeTca  b  cne^yiomeM  pa3aejie. 

3.  TpeGoBaHHJi  k  30iizy*pyioiueMy 

BeKTopnoMy  CHrnajiy 

EcJIH  BeKTOpHbie  (JiyHKUHH  u0(/,co)  ,  u(t,q) 
B  (3)  BblSpaHbl  TaK,  HTO  MaTpnna  X(/,co)  b 
(5)  apMHTOBa  h  HeBbipoxneHHan,  a  hmchho 


some  requirements  should  be  made  for 
signals  f^t, co),  which  determine  time- 
frequency  structure  of  orthogonally  pola¬ 
rized  components  of  u0(f,co)  and  vector 
filtering  function  u(t,q).  The  require¬ 
ments  essence  is  considered  in  the  next 
section. 

3.  Requirements  to  sounding  vector 
signal 

If  the  functions  u0(/,co),  u(t,n)  in 
(3)  are  chosen  so  that  X(f,  co)  matrix  in 
(5)  is  hermitian  and  nonsingular,  i.e. 


det{X(f,co)}#0,  X(7,co)  =  xV,co),  (11) 


to  ee  mo)kho  npe^cTaBHTb  b  MyjibTHmiHKaTHBHOH  then  it  can  be  presented  in  the  multi  plicate 
<J)opMe  (pa3Jio)KeHHe  TaKarH)  form  (Takagi's  decomposition) 


X(/,co)  =  Ft- 


\x(t,  co)  0 
0  A,2(rico) 


•F  =  Ff  -A(/,co)-F, 


(12) 


rue  F  -  yHHTapHbiM  onepaTop,  onpenejunomHH 
rpynny  noBoporoB  BeKTopoB  JJxoHca  b  npo- 
cTpaHCTBe  IlyaHKape,  \(t, co)  —  co6cTBeHHbie 
4>yHKirHH  onepaTopa  X(f,  Q) . 

IloflCTaBJiflfl  (12)  b  (5),  nojiynaeM  cjiejayio- 
mee  Bbipa>KeHHe 


where  F  is  unitary  operator  determining 
rotations  group  of  Jones  vectors  in  Poin¬ 
care  space,  X{(t,  co)  are  eigenfunctions 
of  the  operator  X(r,Q). 

Substituting  (12)  in  (5)  gives  the 
following  expression 
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JO,  to)  =  G  r  (x,  Q)  X(t,  CO)  =  G  s  (x,  Q)  Ff  A (f,  co)  F  = 

=  F-GJ;(x,Q)FFt  A(/,co)F  =  FG£(x,Q)A(f,co)F  =  FGz;(x,Q)F  .  (13) 


B  cHJiy  AMaroHajibHoro  bw  onepaTopa  A(f,co)  b  Smc 
(12)  onepaTop  J(f,co)  HBJwercH  ouemcow  Gz(x,D)  diag' 
MaipMHHoft  4>yHKUHH  oTKJiHKa  oGbexTa.  npw  3T0M  estin 
TOHHOCTb  TaKOM  OljeHKH  33BHCHT  OT  CBOMCTB  one-  I^Spi 

paTopa  A(f,co). 

IIocKOjibKy  bha  nojiHpH3auHOHHoro  6a3Hca,  ' 
B  KOTOpOM  <J)OpMHpyeTCH  OUeHXa  MaTpHHHOM  the 
(JjyHKUHH  Gz(t,0),  He  HMeeT  npHHUwnHajibHO-  may 
ro  3HaHeHHfl,  turn  npocrorbi  6yaeM  cwraTb,  hto  sup] 
HeBbipo)KAeHHaB  MaTpHija  X(f ,  co)  HMeeT  ah  a-  X(t 
TOHajlbHblH  bha 

X,(/,co)  0 

X(/,<o)=  lV*  w  N 

0  XJt,  co) 


Since  the  operator  A(/,co)  in  (12)  has 
diagonal  form,  the  operator  J(/,co)  is  an 
estimate  Gz(t,Q)  of  the  object's  matrix 
response  function.  The  estimate  accuracy 
will  depend  on  properties  of  A(?,co). 

Since  the  polarization  basis,  in  which 
the  MRF  estimate  Gz(t,£2)  is  obtained, 
may  be  arbitrary,  for  simplicity  sake  we 
suppose  that  the  nonsingular  matrix 
X(t,  co)  has  a  diagonal  form 


A(f,co). 


npH  3tom  4>opMHpyeMan  oueHxa  yAOBJieTBOpn- 
eT  cooTHomeHHJO 


Thus,  the  desired  estimate  satisfy  the 
expression 


J(/,co)  =  uz(f,co)°ii(T,Q)  =  Gs(t,Q)  A(/,g>) 


(f,co). 


OneBHAHO,  MTO  TOUHOCTb  (}X)pMHpyeMOH  oueH- 

kh  MaipMUHOH  (J)yHXUHH  oTKJiHKa  paccenBaiome- 
ro  oGbexra  onpeAejwercfl  CBoncTBaMH  30HAHpy- 
lomero  BeicropHoro  cnrHana  h  bhaom  BexropHOH 
(j)HJibTpyiomeH  4>yHKUHH,  KOTopbie  Moryr  6brn> 
BbiSpaHbi  Ha  3Tane  npoexTHpoBaHHfl  cHcreMH. 
HanpHMep,  ecAH  onepaTop  X(/,  co)  HMeeT  bha 


It  is  clear  that  accuracy  of  the  MRF 
estimate  of  a  scattering  object  is  deter¬ 
mined  by  properties  of  sounding  vector 
signal  and  form  of  vector  filtering  func¬ 
tion,  which  can  be  chosen  at  the  system 
designing  stage.  For  example,  if  the 
operator  X(f,co)  looks  like 


X(/,cd)  =  8(0;0). 


rne  8(0 ;0)  -  AeAbTa  <j>yHXUHfl,  3aAaHHan  b  tom- 
xe  f=0,  CO=0,  TO  J (t,  CD)  HBAfleTCH  touhoh  oueH- 
XOH  MaTpHHHOft  4>yHXUHH  OTXAHXa  nporaaceH- 
Horo  HecTauHOHapHoro  o6r>exTa,  nocxoAbxy  b 
3Tom  cjiynae  HMeeT  MecTO  paBeHCTBo 


where  5(0;0)  is  delta  function  defined  in 
point  /=0,  co=0,  then  J(/,  ©)  is  correct 
estimate  of  the  MRF  of  extended  non¬ 
stationary  object,  since  the  equality  is 
valid  for  this  case 


J(/,  co)  =  ur  (f ,  co)  o  u(t  ,  Q)  =  G  z  (t,  Q)  5(0;  0) 


=  Gv(G©). 


B  peaAbHbix  CHCTeMax  Bcerna  npHcyrcTByeT  no-  The  receiving  channels  of  operational 
Mexa  b  xaHajiax  npneMa  oTpaaceHHoro  CHmaAa.  radars  is  always  characterized  by  noise 
Xtim  yueTa  peajibHbix  ycAOBHH  nepennnieM  (3)  level.  So  that  (3)  can  be  rewritten  as 
b  BHAe 

ux(/,o)  =  Gz(x,fi)u0(/,(o)  +  n(r,<a),  U8) 

rAe  n(f,  co)  —  HenoABpH30BaHHaH  BexTopHan  where  n(/,  co)  is  non-polarized  vector 
noMexa,  opToroHanbHbie  xoMnoHeHTbi  xoto-  interference,  which  orthogonal  compo- 
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poft  3a#aHbi  flByMH  CAyHaMHbiMH  HeKoppejiHpo-  nents  are  two  random  non- correlated 
BaHHMMH  npoueccaMH  «,.(*,©),  onHCbmaiomHMH  processes  «,(/,©)  describing  "white" 
«6ejibie»  inyMbi  (TeruioBbie  uiyMbi)  paBHoft  Mom-  (thermal)  noises  of  equal  power  in  the 
hocth  b  opToroHajibHbix  npHeMHbix  KaHajiax  orthogonal  receiving  channels 


11(7,0)) 


«i(t,to) 

n2(t,  co) 


(19) 


PaBeHCTBo  MomHocTen  npoueccoB  Bbi6pa- 
ho  H3  coobpaxeHHti  3^paBoro  CMbicjia.  Ilo3To- 
My  cHHTaeM,  hto  xaHajibi  npneMa  HAeHTHHHbi 
no  K034x})nuMeHTy  rnyMa  w  ycMJieHHio.  B  CHJiy 
3Toro  BeKTopHaa  noMexa  (19)  HenojiBpH30Ba- 
Ha.  noflcraBJiflfl  (18)  b  (5),  3anmueM 


The  equality  of  the  processes  power 
is  explained  by  common  practice.  Thus, 
the  receiving  channels  are  considered  to 
have  identical  noise  factor  and  gain.  The¬ 
refore,  the  interference  (19)  is  non¬ 
polarized.  Substituting  (18)  in  (5)  gives 


J(f,  co)  =  uz(f,a)°  u(t,  Q)  =  {Gz(x,  Q)  u0  (/,  ©)  +  n(c,  a)}  °  u(t,  Q)  = 
=  Gz(x,Q)  X(C,a)  +  n(c,a)ou(x,Q)  =  Js  +  JN, 


(20) 


r/ie  Js  —  nojie3Haa  cocTaBjiatomaH  Ha  Bbixo^e 
(J)HJIbTpa  (})OpMHpOBaHHH  OLteHKM  <J)yHKlJ,HH  OT- 
KJiMKa  obbeKTa,  —  noMexoBaa  KownoHeHTa. 

H3  TeopHM  corjiacoBaHHoro  npneMa  cKajiap- 
Hbix  KOMmreKCHbix  cHrHajioB  Ha  <}>0He  6e;ioro 
mywa  H3BecTHO,  uto  HaHJiyumeu  (JmAbTpyiomeM 
(JjyHKUHeti  (no  KpHTepHio  othoiuchha  «cnrHaji- 
noMexa»)  ABAHeTca  <J)yHKUHA,  conpHSceHHaa 
(JjyHKUHH,  onwcbiBaKDineH  nojie3HbiH  cnrHan.  Jljift 
cjiyuan  npHeMa  BeicropHoro  cHraajia  uz(/,co)  Ha 
(})OHe  HenojuipH30BaHHOH  «6eAoft»  noMexH  (19), 
(J)UJibTpyK»maii  BeKTopnaii  (jiymcuHA  u(x,n)  aoa- 
)Kna  6biTb  conpBxeHa  c  BeKTOpHOH  ^yHKHHen, 
onucbiBaiomeM  H3jryuaeMbiH  cHraaji.  B  stom  cny- 
qae  obecneqHBaeTca  HanAyqmee  cooTHoiueHHe 
«cHrHaji-myM»  jum  oTKJiHKa  ot  Ka^KAoro  H3  3Jie- 
MeHTapHbix  oTpaacaTenen  obbeicra. 

Wcxoflfl  M3  CKa3aHHoro  moacho  yTBep^aTb, 
qro  Ana  onTMManbHOM  (JnuibTpauHM  oTpaaceH- 
Horo  cnmajia  Ha  <J)OHe  «6eAoro»  HenoJiapH30- 
BaHHoro  BeKTOpHoro  rnyMa  4>HJibTpyiomaa  4>yn- 
KUHa  AOJDKHa  onncbiBaTbca  BbipaaceHHeM 


where  Js  is  desired  component  at  the 
filter  output  forming  the  response  func¬ 
tion  estimate,  and  is  the  interference. 

It  follows  from  the  theory  of  optimal 
reception  of  the  complex  scalar  signals 
against  white  noise  that  the  best  filtering 
function  (by  "signal-to-noise”  criterion) 
is  the  function  conjugate  to  sounding 
signal.  For  reception  of  vector  signal 
uz(t,o)  against  non-polarized  white 
interference  (19),  the  filtering  vector 
function  u(x,ft)  should  be  conjugate  to 
the  vector  function  describing  radiated 
signal.  In  this  case,  the  best  signal-to- 
noise  ratio  is  provoded  for  response 
from  every  elementaiy  reflectors  of  the 
radar  object. 

All  said  above  allows  to  state  that  for 
the  optimum  filtering  of  reflected  signal 
against  white  non-polarized  vector 
noise  the  filtering  function  should  be 
written  as  follows 


u(x,n)  =  u’(x,n). 


npM  stom  BbipaaceHHe  (20)  npHHHMaeT  bha  Thus,  expression  (20)  becomes 
J(/,(o)  =  uzO,co)oU;(x,Q)  =  {Gz(x,Q)u0(/,co)  +  ii(f,co)}ou;(xJQ)  = 

=  G  z  (x,  Q)  X0  (f ,  co)  +  n  (t ,  co)  o  u0  (x,  Q)  =  Js  +  J „ , 

rAe  X0(/,co)  onpeAeAaeTCH  TOAbKO  cBoiicTBaMM  where  X0(/,G))  is  determined  by  the  soun- 
30HAHpyiomero  cHraaAa.  C  yqeroM  TpeOoBaHHA  ding  signal  properties  only.  With  the  requi- 
HeBbipo^KAeHHocTH  stom  MaTpHUbi  (cm.  (1 1)-(13)),  rement  for  this  matrix  to  be  non-singular 
BbipaaceHHe  (21)  npHHHMaeT  bha  (see  (11)-(13),  expression  (21)  reads  as 
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J(/,<fl)  =  Uy(f,CO)°u‘(T,Q)  =  Jc+Jjv  = 


,n)irx11(f, 


4s>  wu-nr  w i_ 


T(S)  r(S)  r(N)  .j(N) 

J2\  J22  J  Lt/21  ^22 


_  gn(x,n)  gI2(T,n)irx11(r,0))  xl2(r,(o)l  I'm, (f, to) «,(!,□)  /t,(t,co)u2(x,n) 
lg21(x,n)  g22(x,ci)J|_*21(f,©)  Jc22(f,co)J  [n2(t,(o)ut(x,n)  n2(t,m)u2(x,Q.) 

tjxq  where 

J\\  =  (^5  *n(f»  ©)  ^12(^9  *^21  ®)> 

«/j2  —  ^n(x,  q)  xl2(t9(o)  ■*"  ^12(^9^)  *^22  (^9  ®)>  ^ 

J2i  ^(/}©)  “  ^2l(^9^)  ^22^»^)  *  ^21  (A©)» 

J22\t,&)  =  ^21  (^9  ^12  (A©)  +  ^22(^9  *  -^22 (^9  a>)» 

*/i(r)(^©)  =  «1(^©)  Wi(t,Q); 

=  «,(r,G))  M2(x,Q); 

J^f)  (f ,  ©)  =  n2  (t9  ©)  Wj  (x,  Q); 
j£)(t9G>)  =  n2(t9<&)  u2(t,Q). 

MarpHua  X0(f,co)  b  (22)  3a#aHa  cooTHouieHHeM  Matrix  X0(f,co)  in  (22)  is  given  by 


X0(/,co)  =  u0(/,co)°u*(x,n)  = 

nT/io,®)!  r*,t  s  r,t  o* ,  kift®)  (25) 

=  .  ®  /(f,co)  /2(/,co)  U?xcfo  =  , 

h,  cneflOBaTe^bHO,  STOMeHTbi  x,.(/,w)  B(23)on-  therefore,  elements  X/j(t,  co)  in  (23)  are 
peaejiniOTca  BbipaoKeHHHMH  written  in  the  following  way 

x, ,  ( t ,  co)  =  \\fx(t  -  x,  to  -  n)  f'(%,  n)dxdn; 

x2I(t,a>)  =  jjf2(t-x,(o-n)  f'(x,n)  dxdn; 

\ZJj) 

Xl2(t,  co)  =  JJy;  (t  -  x,  co  -  o)  f2 (x,  n)  dxdn; 

x22(t,a>)  =  j]/2(r-x,co-n)  f’  (x,n)  dxdn. 

B  HaeajibHOM  cjiyuae,  Koraa  30H£HpyiomHft  In  ideal  case,  when  the  sounding 
cnrHaji  b  (25)  yaoBJieTBOpaeT  cooTHOiueHmo  signal  in  (25)  satisfies  the  relation 

X0  (f,  co)  =  u0  (/,  co)  <=  u„  (x,  n)  =  8(0, 0)  ^  ®  ,  (27) 

aaeMeHTbi  j^.(/,(d)  b  (26)  paBHbi  the  elements  xfJ(t9  co)  b  (26)  equal  to 

xn(f,oo)  =  8(0,0);  x,,(/,co)  =  0;  *12(f,co)  =  0;  x22(t,a>)  =  8(0,0),  (28) 

a  aaeMeura  JfjN)(t,  co)  cjm>  «6ejibie»  HeKoppe-  whereas  elements  Jjf^t,  co)  are  white 
jiHpoBaHHbie  rnyMbi,  c  paBHOH  KOHeuHOH  Mom-  non-correlated  noises  with  equal  finite 
HocTbio.  JJjw  xaKoro  cnniajia,  b  croiy  KOHeunoM  power.  Because  of  finite  noise  power  in 
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moiuhocth  inyMOB  b  KaHanax  (Jx>pMHpoBaHHH  3Jie-  the  channels  of  the  MRFs  elements  for- 
MeHTOB  MaTpHHHOH  (JjyHKUHH  oTKJiHKa  oSteKTa,  mation,  expression  (22)  takes  the  form 
Bbipaxcenne  (22)  npHHHMaeT  bwjx 

J(/,(0)  =  uE(f,fi>)°u*(x,Q)  = 

/„(?,«)  G(,,«>),  (29) 

J22  (*>©)_ 

—fir 

nocKonbKy  oTHoineHHe  «CHrHaji-myM»  b  yxa -  since  SN  ratio  in  the  given  channels 
3aHHbix  KaHanax  cTpeMHTcn  k  6ecKOHeHHocm.  tends  to  infinity. 

TaKHM  o6pa30M}  npoueaypa  B3aHMHOM  BeK-  Thus,  the  vector  procedure  of  cross 
TOpHOM  cBepTKM  30HAHpyiomero  h  oTpaxeHHO-  convolution  of  the  sounding  and  reflected 
ro  BeKTopHbix  cumajioB  no3BOJiaeT  npoH3Becra  signals  allows  to  correctly  estimate  the 
TOHHyio  oueHKy  MaTpHHHon  4>yHKHMH  OTKJiHKa  matrix  response  function  of  a  spatially 
npocrpaHCTBeHHO-pacnpeflejieHHoro  HecTauno-  distributed  time-fluctuating  object,  and, 
HapHoro  bo  BpeMeHH  o6i>eKTa,  a  3HaHHT  tohho  therefore,  to  precisely  determine  its  pola- 
oueHHTb  ero  nojinpH3auHOHHbie  h  KoopAHHaT-  rization  and  coordinate  parameters  with 
Hbie  napaMexpw  b  Hepa3pbiBH0H  hx  cbjoh,  co  rigorous  account  of  the  vector  properties 
cTporHM  yneTOM  BeKTopHbix  cbohctb  ajieKTpo-  of  electromagnetic  field. 

MarHHTHoro  noAfl. 

npH  npaKTHMecKOH  peajiH3auHH  pa^HOJio-  In  practice,  spectrum  width  and  du- 
KaunoHHOM  cHCTeMbi  b  cootbctctbhh  c  ajiro-  ration  of  the  sounding  signal  are  always 
pHTMOM,  npe^cTaBJieHHbiM  cooTHomeHHeM  limited  in  radar  systems  implementing 
(22),  uiHpHHa  cneicrpa  h  .AJiHTejibHocTb  30H£Hpy-  the  algorithm  described  in  (22).  Because 
lomero  cnmana  Bcer^a  oipaHHueHbi.  Benny  3Toro  of  this,  the  relations  (28),  which  deter- 
oScTOHTejibCTBa  cooTHomeHHH  (28),  onpeAejifl-  mine  the  required  correlation  proper- 
joinne  Heo6xoAHMbie  KOppeAHUHOHHbie  cboh-  ties  of  the  sounding  signal's  orthogonal 
cTBa  opToroHanbHbix  KOMnoHeHT  BeKTopHoro  components,  can  be  realized  with  a 
30HtiHpyiomero  cnrHajia,  Moryr  6biTb  Bbinoji-  certain  accuracy 
HeHbl  TOJIbKO  B  HeKOTOpOM  npHGjIHXeHHH 

jcn(x,n)  =  JJ/;  0, 03)  /;*  (r  —  x,  (0-n)dtd(ti  =>  8(0,0); 

x22(x,o)  =  j]/2(?,co)/2(f-x,  a -a) dtda  =>  8(0,0);  (30) 

x12(T,n)  =  x21(x,n)=  ca-a)dtda  =>  0. 

CooTBeTCTBeHHO,  oueHKa  MaTpHHHOH  4>yH-  Hence,  the  matrix  response  function 
ku,hh  OTKJiHKa  Ha  npaKTHKe  npoH3BOAHTca  c  He-  estimate  is  found  with  some  errors  in 
KOTopofi  ouih6koh  no  napaMeTpaM  BpeMeHH  time  of  arrival  and  Doppler  frequency. 
npHXo#a  h  AonnepoBCKoii  nacroTe.  BejiHHHHa  The  error  values  depend  on  the  main 
3TOH  oiuh6kh  onpeAejiaeTCA  uihphhoh  rjiaBHoro  lobe  width  of  the  generalized  autocor- 
AenecTKa  o6o6meHHOH  4>yHKUHH  aBTOKOppejia-  relation  function  of  signals  /(/,©).  In 
UHHCHrHaaoB  ^(/,co).  KaqecTBeHHbiii  bha4)op-  diagram  form,  the  desired  MRF  esti- 
MHpyeMOH  oLieHKH  MaTpHHHOH  <t>yHKUHH  OTKJiHKa  mate  °f  spatially  distributed  non-sta- 
npocTpaHCTBeHHO-pacnpeAejieHHoro  HecTauno-  tionary  object  is  shown  in  Fig.  5  for  the 
HapHoro  oSTjeicra  r jih  cjiynan  kohchhoh  nojiocbi  case  °f  ^in^e  frequency  band  and  du- 
nacTOT  h  KOHeHHOH  AAHTejibHOCTH  30HAHpyK>me-  ration  of  the  sounding  signal, 
ro  cnmajia,  yaoBJieTBOpHiomero  cooTHomeHHHM 
(30),  noKa3aH  Ha  pHc.  5. 


<*£(1,0)  X0(f,co) 

A  . -A 

g„(T,o)  g12(x,n)  8(0,0)  0 

gjK't.n)  g22(x,n)  0  8(0,0) 

.  V 

Js 
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pHC.  5.  IIpHMep  OUeHKH  MaTpHHHOH  4)yHKUMH  OTKJIHKa  PJIC  npH  30H^HpOBaHHH 
nPHO  BeicropHbiM  cnmajioM  c  kohchhoh  6a3oft 
Fig.  5.  Estimation  example  of  the  matrix  response  function  in  a  radar  under  sensing 
of  a  SDNO  by  vector  signal  with  finite  BT  product 

4.  BjanMiiaH  MaTpnua  HeonpeflejieHHOCTH  4.  Mutual  ambiguity  matrix  of 

30HAHpyiomero  h  OTpamemioro  BeKTopHbix  sounding  and  reflected  vector 

CHmajioB  signals 

Bbiine  6bma  onpe^ejieHa  npoue^ypa  onra-  The  optimum  filtering  procedure  of 
MajibHOH  <})HjibTpauHH  oTpaaceHHoro  BeKTOpHO-  the  reflected  signal  againdt  white  non- 
ro  cnrHajia  Ha  $oHe  Sexton  HenojntpH30BaHHOH  polarized  interference  (see  (21))  has 
noMexH  (cm,  (21)).  Ee3  yueTa  rnywoBoro  *ineHa  been  defined  above.  Without  taking 

Bbipa>KeHHe  (21)  HMeeT  bhji  into  account,  (21)  takes  the  form 

J(7,  co)  =  u  z  (t ,  <o)  o  u  0  (x,  q)  =  G  z  (t,  n)  X0  (t ,  ©)  (31) 

h  onpejtejiaeT  cBepTKy  MaipnuHon  (JjyHKUHH  and  defines  convolution  of  MRFs  of  the 
Heonpe^eneHHocTH  aoHjmpyiomero  cwmajia  c  sounding  signal  and  scattering  object. 
MaTpHHHon  (JjyHKuneH  OTKJIHKa  pacceHBaiomero  Formally,  (31)  can  be  rewritten  as  fol- 
oSbeKTa.  OopMajibHO  BbipaxeHHe  (31)  moxho  lows 
nepenwcaTb  b  cjie^yiomeH  (JiopMe 

r4(t,n)  =  =  r,4(x,fi)  x^4(/,(0)  = 

rKVn) 

^ S*!  1  ri)  o  0  ^JCn(/,G>)  ^ll('tj^)  Xn(/,CD)  +  g12(T,Q)  X2i(?,C0)^ 

g21(x,n)  ga(r,n)  0  0  i2l(f,a>)  =  g2l(x, n)  in  (/,«>) +  g22 (x, n) x2,(t,<o) 

0  0  g„( x,n)  g12(t,n)  x,2(t,m)  gu(x,ci)x,2(t,e))+gl2(x,n)x22(t,m) 

y  0  0  g2,( x,n)  g22(x,f})j[x22(/,(0)J  U2i(x,n) i|2(/,0))  +  g22(T,n) i22(f,co)y 

J’V.n) 

(32) 
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AHanornuHO  obiuenpHHHTbiM  iiohhthhm  Te-  By  analogy  with  standard  notions  of 
opnn  cKajiapHbix  cHmajioB,  cf>opMHpyeMafl  oueHKa  the  scalar  signals  theory,  the  final  esti- 
MarpHHHoft  (JjyHKUHH  oTKJiHKa  odteKTa  b  (31)  mate  of  the  object's  MRF  (31)  is  mutual 
HBJiaeTCH  B3aHMHoW  MaTpHUHoh  4>yHKUHeH  Heo-  matrix  ambiguity  function  of  the  radiated 
npeaejieHHocTH  H3JiyueHHoro  h  OTpaxceHHoro  and  reflected  vector  signals.  In  the 
BeKTOpHbix  CHmajioB.  B  paMKax  Teopnn  jiHHeit-  context  of  the  linear  filtering  theory  the 
hom  (JjHJibTpaiiHH  BbipaxceHne  (32)  onncbiBaer  expression  (32)  describe  transformation 
npeo6pa30BaHwe  4-wepHoro  BeicropHoro  cnma-  of  4-dimensional  vector  signal  Xq4(/,©) 
jia  xx04(t,  co)  b  jiHHeftHOM  4-MepHOM  (JmjibTpe,  in  linear  4-dimensional  filter,  which 
HMnyjibCHaa  xapaicrepHCTHKa  KOToporo  onncbi-  impulse  response  is  described  by  block 
BaeTCH  6jiouhoh  MaTpHueii  rx4(T,n).  CxeMaTHH-  matrix  rx4(T,ft).  In  diagram  form,  such 
ho  Taxan  o6pa6oTKa  4-MepHbix  BeKTOpHbix  cnr-  processing  of  4-dimensional  vector 
HajioB  H3o6paxceHa  Ha  pnc.  6.  npH  stom  3aaaua  signals  is  shown  in  Fig.  6.  Thus,  the  MRF 
oueHKH  MaTpHUHoii  4>Yhkuhh  OTKJiHKa  Gs(t,q)  estimation  problem  is  equivalent  to  in- 
SKBHBajieHTHa  obpaTHOH  3a/iaue  oueHKH  hm-  verse  problem  of  estimation  of  a  linear 
nyjibCHoft  <})yHKUHH  jiHHeftHoro  <J>HJibTpa  no  pe-  filter's  impulse  responce  by  observation 
3yjibTaTaM  HadjnoueHHH  Bbixojmoro  cwmajia  npH  results  of  the  output  signal  with  known 
H3BecTHOM  bxojjhom  cnrHane  (JiHJibTpa.  input  signal  of  the  filter. 

OopMajibHO  TpaKTOBKa  npouecca  <J)opMHpo-  Formally,  the  treatment  of  the  MRF 
BaHHa  oueHKH  MOO  pacceHBaiomero  o6t>eKTa  estimation  of  scattering  object  is  reduced 
CBo/uiTca  k  cjieuyioiueMy  to  following. 


Phc.  6.  npoue^ypa  oueHKH  MaTpHUHOH  4>yHKii,HH  OTKJiHKa  obbeicra,  Kax  jihhchhoh 
4>HJibTpauHH  4-MepHoro  BeicropHoro  CHmana 
Fig.  6.  Estimation  procedure  of  the  matrix  response  function  of  an  object  as  linear 
filtering  of  4D  vector  signal 

MaTpHHHaa  4>yHKUHU  HeonpeuejTeHHOCTH  30H-  The  matrix  ambiguity  function  of 
zmpyiomero  cnmarca  HBJHieTCH  annapaTHOH  (J>yH-  sounding  signal  is  a  hypothetical  device 
KUMen  mnoreTHMecKoro  npnbopa,  ero  «okhom»,  function,  i.e.  its  "window"  through  which 
uepe3  KOTopoe  Mbi  npocMaTpHBaeM  HCTHHHyio  we  look  the  true  response  function  of  an 
(JiyHKUHK)  OTKJiHKa  (MOO)  obBeKTa.  Taxon  Me-  object.  Such  estimation  method  of  the 
tou  oueHKH  HMnyjibCHOH  xapaicrepHCTHKH  jiHHen-  impulse  response  of  a  linear  device  is 
hoto  ycTpoitcTBa  uinpoKO  Hcnojib3yeTca  b  JiHHen-  widely  used  in  linear  radio  engineering. 
hoh  pajiHOTexHHKe.  npH  3tom  bxoahoh  CHman  In  this  case  the  input  signal  has  wide 
HMeeT  uiHpoKHH  cneicrp,  a  Bbixo^HOH  cHTHaa  ycr-  spectrum,  and  the  output  signal  is 
poiiCTBa  obpabaTbiBaeTCH  b  corjiacoBaHHOM  c  bxqh-  processed  in  the  matched  filter.  If  the 
HbiM  CHTHajioM  ^MJibTpe.  B  cjiyuae,  xorjia  rnnpHHa  input  signal  spectrum  width  equals  or 
cnexrpa  bxouhoto  cnraana  paBHa  hjih  bojibiue  no-  more  than  passband  of  the  linear  device, 
jiocm  nponycKaHHH  aHajiH3HpyeMoro  jiHueuHoro  the  output  signal  of  the  matched  filter  is 
ycrpoHCTBa,  bbixojihoh  cnmaji  corjiacoBaHHoro  close  to  the  device's  impulse  response. 
(J)HJibTpa  no  <J)opMe  6jih30k  k  HMnyjibCHOH  xapax- 
TepncTHKe  nccjiejiyeMoro  ycrpoHCTBa. 

AHanorHUHaB  TpaxroBxa  npHMeHHMa  h  jura  The  similar  treatment  is  possible  for 
npoueuypbi  oueHKH  MOO  pacceHBaiomero  o&beicra.  estimation  procedure  of  the  scattering 
npH  stom  ana  aocTHxeHHB  HeofixoauMoro  xa-  object's  MRF.  In  this  case,  in  order  to 
uecTBa  oueHKH,  KpoMe  TpedoBaHna  onpeaeneH-  achieve  the  desired  quality  of  the  esti- 
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hom  umpHHbi  cneicipa  30H^Hpyiomero  BexropHoro  mation,  except  for  needed  spectrum  width 
cwmajia,  HeoSxozmM  hh3KMM  ypoBeHb  o6o6meH-  of  the  sounding  signal,  it  is  required  to 
Hoft  B3aHMHon  xoppejununi  ero  opToroHajibHbix  obtain  weak  mutual  cross-correlation  of  its 
no  no;mpM3auwH  xoMnoHeHT.  /IpyrHMM  cjioBaMH,  orthogonal  components.  In  other  words, 
MaipHHHaa  (hyHKuna  HeonpeaejieHHOCTH  30H£H-  the  matrix  ambiguity  function  of  the 
pyiomero  BeicropHoro  cnmajia  noJDKHa  6biTb  xax  sounding  vector  signal  should  tends  as 
moxho  6ojiee  6jiH3xa  k  BHoy  MarpHUHOH  fleubTa-  much  as  possible  to  matrix  delta  function 


(hYHKUHH 


,(*,0)  =  Ju0  (0  <S>  u0  (f  -  x)  *eJQidt  =>  8(0;  0) 


'1  0 
o  1 


(33) 


3aKJU0^eHHe 


Conclusion 


B  pe3yjibTaTe  aHajiH3a  3aaaHH  xoppexTHoft 
OUeHKH  KOOP.HHH UTH bIX  M  nOKapH3aUHOHHbIX 
CBOfiCTB  pa^HO^OKaUHOHHblX  oGbeXTOB  MOXHO 
c^ejiarb  cjieayiomHe  BbiBO/ibi: 

-  nocroBepHa^  oueraca  MOO  npocrpaH  ctbchho- 
pacnpeaeJieHHoro,  HecrraimoHapHoro  o6bexra 
BO3M0XHa  TOJlbKO  npH  MCn0JIb30BaHHH  30H£H- 
pyiomero  BexropHoro  cnmajia,  MarpMUHan  <j>yH- 
Kuna  HeonpeaeJieHHOcTH  xoroporo  6jiH3xa  k 
Biiny  MaTpHiUJ  ToxytecTBeHHHx  npeo6pa30Ba- 
HMM  (MaTpHHHaa  2x2  aejn>ra-4>yHxuHfl).  Ilpn 
3tom  MOO  ofrbexra  o^H03HauHO  oro6paxa- 

CTCfl  BO  B3aHMHOM  MaTpMUHOH  (JjyHKUMM  HeO- 
npeneJieHHOcTH  nuiyueHHoro  h  orpaxeHHo- 
ro  BeKTOpHbix  cMinanoB  PJIC,  a  touhoctb 
(JxjpMHpyeMofi  oueHKH  MOO  onpenejiaeTCfl 
creneHbK)  otjihhhb  MOH  H3JiyneHHoro  cnr- 
Haaa  ot  MaTpnubi  ToxcaecTBeHHbix  npeo6pa- 
30BaHHii; 

-  b  3ajjaue  omuMajibHoft  oueHKH  MaTpHHHofi 
(JjyHKUHH  OTKJIHKa  npocrpaHCTBeHHO-pac- 
npeaeJieHHoro  HecrauHOHapHoro  ofrbexTa  b 
npHcyTCTBHH  «6ejioft»  HenojinpH30BaHHofl 
nOMeXH  Heo6xonHMOH  H  AOCTaTOHHOH  npo- 
ueaypo^  nepBHHHofl  o6pa6oTKH  crrpaxceHHO- 
ro  BeicropHoro  cHrnana  HBJiaeTCH  ero  B3a- 
HMHafl  MaTpH'iHan  CBepTKa  c  BexTopHofi 
4>yHKUHeft,  corjiacoBaHHoft  c  30HaHpyiomHM 
BeKTOpHbIM  CHrHajlOM  PJIC. 


The  problem  analysis  of  correct  esti¬ 
mation  of  coordinates  and  polarization 
properties  of  a  Tadar  object  allows  to 
conclude  the  following 

-  reliable  estimate  of  the  matrix  responce 
function  of  spatially  distributed,  non- 
stationaiy  object  is  possible  only  with 
the  use  of  sounding  vector  signal, 
which  matrix  ambiguity  function 
(MAF)  is  close  to  the  matrix  of  iden¬ 
tical  transformations  (matrix  delta  func¬ 
tion).  In  this  case,  the  object's  MRF  is 
unambiguously  represented  in  the  mu¬ 
tual  MAF  of  the  radiated  and  reflected 
radar  signals,  whereas  the  estima¬ 
tion  accuracy  of  the  MRF  is  deter¬ 
mined  by  distinct  of  the  radiated 
signals  MAF  from  the  matrix  delta 
function; 

-  in  the  optimum  estimation  problem 
of  the  MRF  of  spatially  distributed 
non-stationary  object  against  white 
non-polarized  interference,  the  neces¬ 
sary  and  sufficient  procedure  of  the 
primary  vector  signal  processing  is 
its  mutual  matrix  convolution  with 
the  vector  function  matched  with 
the  sounding  radar  signal. 
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Pa6oma  nocemnena  aHaaiay  SKcnepuMenmaAbHux  The  paper  is  devoted  to  analysis  of  expe- 

daHHbtx  30Hdupoeamm  o6aoko&  u  ocadxoe  Miucpo-  rimental  sensing  data  of  clouds  and  preci- 

eoAHoebtMU  pabuoAoxamopaMU  u  ux  conocmaeneHiuo  pitation  by  microwave  radars  and  their 

c  meopemmecKUMU  Modejimtu.  B  pe3ynbmame  (pop-  comparison  with  theoretical  models.  As  a 

MupyemcH  coeoxynuocmb  npwmaxoe  e  eude  noAApu-  result,  a  features  set  of  polarimetric  vari- 

MempmecKUX  nepeMembix,  tcomopbie  ueoGxoduMbi  e  ables,  which  are  necessary  as  a  priori  data 

xauecmee  anpuopnbtx  dambtx  dAH  eunoAuenuM  cuh-  for  synthesis  of  processing  algorithms  of 

me3a  wieopumMoe  o6pa6omm  paduoAoxau,uoHHbix  radar  signals,  is  formed  with  the  purpose 

cuznoAoe  c  neAbto  peuieuuH  pcmunubix  npufoiaduboc  to  solve  various  applied  problems,  in 

3adan,  e  nacmuocmu,  pacnosnaeanusi  zpada  particular,  hail  recognition 

BeefleHHe  Introduction 

B  nocneAHee  BpeMB  cymecTBeHHO  B03pocjiH  During  the  last  years,  requirements 
Tpe6oBaHHfl  k  flocTOBepHOCTH  h  KanecTBy  o6ec-  to  reliability  and  quality  of  the  meteoro- 
neMeHMH  MeTeopojionwecKoft  HH^opMauneH  KaK  logical  data  for  aircraft  crew  and  air 
SKHnaaca  B03AyiiiHoro  cy/ma,  Tax  h  cjiyatG  yn-  traffic  control  services  (ATCS)  have 
paBjieHHH  B03jiymHbiM  flBHxeHHeM  (YB£Q.  3to  essentially  increased.  It  was  caused  by 
CBH3aHO  c  npHHHTneM  ICAO  hobom  CHCTeMbi  adoption  of  new  ICAO  system  Air  Traffic 
YBJJ  Air  Traffic  Management  (ATM)  B3aMeH  era-  Management  (ATM)  instead  of  old 
poH  CHCTeMbi  Air  Traffic  Control  (ATC).  C  cHCTe-  system  Air  Traffic  Control  (ATC).  The 
Moft  ATM  TecHo  cBfl3ana  KOHuenunu  Free  Flight ,  ATM  system  is  closely  connect  with  the 
coniacHO  KOTopon  nHJioT  nouynaeT  6ojibme  cbo-  Free  Flight  concept,  giving  to  pilot  more 
6o#bi  b  Bbi6ope  TpaeKTopHft  nojieTa.  fijin  peajm-  freedom  in  the  flight  path  selecting.  In 
3aitHH  3TOH  KOHirenuHH  axHriaxc  Hy^aeTCH  b  order  to  implement  this  concept,  aicraft 
6ojiee  ^eTajibHOH  h  AOCTOBepHOM  MH(J)opManHH  crew  requires  more  detailed  and  reliable 
o  B03Mo^cHbix  onacHocTBx  Ha  npe/monaraeMOM  information  about  possible  dangers  along 
Tpacce,  a  Taoce  b  peKOMeH^auHHX  no  H36exca-  the  prospective  route  and  recommenda- 
hhkj  3thx  onacHOCTew.  IIosTOMy  juin  npHHBTHH  tions  on  avoidance  of  the  dangers. 
oSocHOBBHHbix  peuieHHH  npH  Bbibope  Tpaeicro-  Therefore,  for  well-grounded  decision 
pHH  nojieTa  h  coBepiueHHH  ManeBpOB  nap^my  c  making  in  the  flight  route  selection  and 
pa3BHraeM  GopTOBbix  cHCTeM  npenynpexaeHHH  manoeuvres  it  is  necessary  (along  with 
cTo^KHOBeHHM  h  onacHoro  npHGjiHXceHHfl  k  3eM-  development  of  anticollision  and  dan- 
Jie  HeoGxo^HMo  pacuiHpeHHe  (jjyHiajHOHajibHbix  gerous  heights  detection  airborne  sys- 
B03MO)KHocTeii  MeTeoHaBHraiiHOHHOH  PJI  ewe-  terns)  to  expand  functionalities  of  wea- 
TeMbi  (MHPJIC)  Kax  flaraHKa  MeTeoponorHuec-  ther  and  navigation  radar  (WNR)  as  a 
Kofi  MH^opMauHH  h  noBbimeHHe  nocTOBepHOCTH  sensor  of  weather  data  and  to  increase 
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onepaTHBHtix  aaHHbix  06  onacHbix  Meieopo/io- 
niHecKHX  HBJieHHHX  (OMR).  IIoaTOMy  pa3BHTHe 
pexHMa  o6Hapy>KeHHa  30H  rpaaa  no  paanojioKa- 
LiHOHHHM  aaHHbiM  HBJi«eTCB  3aaaneft  nepBOCTe- 
neHHOM  BaXHOCTH. 

YCTaHOBJieHHe  KOJIHHCCTBeH  HbIX  CBH3eH  MtK- 
jjy  MH(j)opMaTHBHbiMM  napaMerpaMH  (MFT)  sxo- 
cnraanoB  n  cocTOHHiieM  paccenBaiomero  o6i>eK- 
Ta  -  o£Ha  h3  cjio>KHbix  npoSneM  aHCTaHtuioHHoro 
30H4HpOBaHHH.  fljlfl  TOrO  HT06bI  OnpeaeJIHTb  3TH 
cbji3H  b  npaMOM  3Kcn epMMeHTe ,  30HawpyeMbiH 
o6beKT  aojDKeH  6biTb  aociyneH  ana  ynpaBJie- 
HHfl.  OaHaKO  b  6oabiiiHHCTBe  caynaeB  pemeHne 
Taxon  3aaann  conpaxeHO  c  HenpeoaojiHMbiMH 
TpyaHocTHMn.  KaK  npaBwao,  TaKaa  cHTyanna 
B03HHKaeT  npn  30Hanp0BaHHH  o6jiaKOB  h  ocaa- 
kob  c  noMombio  SopTOBoro  hjih  Ha3eMHoro  pa- 
anojioKaTopa.  HeKOTopbie  BaacHbie  npaKTHMec- 
Kne  pe3yabTaTbi  Moryr  6biTb  nojiyueHbi,  ecjm 
coaeTaTb  aHajiH3  3KcnepHMeHTajibHbix  aaHHbix 
c  MaTeMaTHnecKMM  m  HMHTaunoHHbiM  Moaejin- 
poBaHHeM  [1],  [2].  B  aaHHon  pa6oTe  ochobhoh 
aicneHT  caeaaH  Ha  aHaaH3  3KcnepHMeHTajibHbix 
aaHHbix,  KOTopbie  conocTaBJiaiOTcn  c  pa3pa6o- 
TaHHbiMH  paHee  MoaejiHMH. 

XapaKTepHCTHKa  aaHHbix 

B  paSoTe  o6pa6oTaHbi  h  npoaHajiH3HpoBa- 
Hbi  aaHHbie,  noayneHHbie  b  paae  He3aBHCHMbix 
H3MepeHHH,  BbinoaHeHHbix  b  pa3JiHHHbix  ycno- 
BHHX.  OCHOBHbIMH  HCTOHHHKaMH  HCXOaHbIX  3K- 
cnepHMeHTaabHbix  aaHHbix  HBjnuiHCb: 

-  HecaeaoBaHHH  oSnaKOB  h  ocaaKOB,  Bbinoa- 
HeHHbie  b  1996-2001  it.  b  HuaepuiaHaax  b  Meac- 
ayHapoaHOM  HccaeaoBaTejibCKOM  ueHTpe 
J3,eab(J)TCKoro  yHHBcpcuTeTa  TexHoaorHH 
(IRCTR  TU  Delft)  c  noMombio  noaapHMeT- 
pwHecKHX  paanoaoKaTopOB  DARR  h  TARA, 
pa6oTaiomHx  b  S-awana30He  (X.  =  9,05  cm),  b 
paMKax  aoroBopa  o  coTpyaHHqecTBe  Me>xay 
HauHOHanbHbiM  aBHauHOHHHM  yHHBepcHTe- 
TOM  (HA y)  H  TU  Delft; 

-  nojiHpH3anHOHHbie  H3MepeHHH  b  KyneBo-aoxc- 
aeBbix  oOjiaxax,  npOBoanBiimecH  b  1989- 1 99 1  it. 
b  MoaaaBHH  c  noMombio  PJI  nojiapHMeTpa 
X-anana30Ha  (X  =  3,2  cm),  nepeaaHHbie  Moji- 
aaBCKOH  cJiy>K6oH  no  aicmBHOMy  B03aeftcTBHio 
Ha  rHapoMeTeopoaonnecKHe  nponeccbi; 

-  pe3yabTaTbi  H3MepeHHH  noaapM3anHOHHbix 
paaHoaoKauHOHHbix  oTpaxeHHH,  onyOnnKo- 
BaHHbie  b  jiHTepaType;  b  qacTHOcra,  noay- 
neHHbie  b  Pocchh  b  IfeHTpajibHOH  aapojio- 
rnnecKOH  oScepBaTopnn  (I|AO)  b  paajiHHHoe 
BpeMH,  b  tom  queue  c  noMombio  SopTOBoro 


the  reliability  of  current  data  on  dangerous 
weather  phenomena  (DWP).  That  is  why 
the  hail  area  detection  by  radar  data  is  a 
problem  of  vital  importance. 

Determination  of  quantitative  rela¬ 
tions  between  informative  parameters 
(IP)  of  echo  signals  and  state  of  scat¬ 
tering  object  is  one  of  the  complex  prob¬ 
lems  in  radar  remote  sensing.  To  reveal 
these  relations  directly  in  experiment,  the 
sounded  object  should  be  controlable. 
However,  in  the  most  cases  the  problem 
solution  is  hardly  to  perform.  As  a  rule, 
such  situation  appears  in  remote  sensing 
of  clouds  and  precipitations  with  the  use 
of  airborne  or  ground-based  radar.  Some 
important  practical  results  can  be  ob¬ 
tained  while  combining  analysis  of 
experimental  data  with  mathematical 
and  PC  simulation  [1],  [2].  In  the  given 
paper,  we  place  the  emphasis  on  analysis 
of  experimental  data,  which  are  com¬ 
pared  with  models  designed  earlier. 


Data  description 

The  data  obtained  in  a  series  of  inde¬ 
pendent  measurements  in  various  con¬ 
ditions  were  processed  and  analysed.  The 
basic  sources  of  initial  experimental 
datas  were 

-  research  of  clouds  and  precipitations 
(1996-2001)  in  the  International 
Research  Centre  (IRCTR  TU  Delft, 
the  Netherlands)  with  the  use  of 
polarimetric  S-band  (A,=9,05  cm) 
radars  DARR  and  TARA,  within  the 
framework  of  cooperation  contract 
between  Natioanl  Aviation  Univer¬ 
sity  (NAU)  and  TU  Delft; 

-  polarization  measurements  in  cumulo¬ 
nimbus  carried  out  in  1989-1991  in 
Moldavia  with  the  use  of  X-band  (X- 
3,2  cm)  radar  polarimeter,  which 
were  transferred  by  Moldavian  service 
on  active  influence  on  hydrometeo¬ 
rological  processes; 

-  measurement  results  of  polarization 
radar  echo-signals  published  in 
literature;  for  example,  data  obtained 
in  Central  Aerologic  Observatory 
(CAO),  Russia,  during  various 
periods,  including  data  obtained  by 
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nojiflpHMeTpHqecKoro  patmcmoKaTopa,  pa3- 
paGoTaHHoro  cobmcctho  cneiiHajiHcraMH 
LI,AO,  HAY  h  KweBCKoro  HMH  «BypaH», 
a  Taoce  naHHbie  PJ1  H3MepeHHH  bo  OaopH- 
m  h  Kojropaao  (CIIIA),  BbinojiHeHHbix  b  1998 
h  2000  rr.  c  noMombio  KorepeHTHo-HMiryjibc- 
Horo  nojiBpHMeTpHHecKoro  pa^HOjioxaTopa 
S-PoL 


airborne  polarimetric  radar  jointly 
designed  by  experts  of  CAO,  NAU 
and  Kiev  Rxesearch  Institute  "Baran”, 
and  also  data  of  radar  measurements 
in  Florida  and  Colorado  (USA), 
carried  ume  in  1998  and  2000  with 
the  rse  of  coherent -pulse  polarimetric 
radar  S-Pol. 


nojiHpHMeTpH*iecKne  H3Mep«eMMe 
nepeMennue 

riyCTb  Sri  —  OJieMeHTbl  KOBapHail,MOHHOH  MaT- 
pnitbi  o6paTHoro  paccenHM si,  rjie  HHfleKCbi  060- 
3HaHaioT  nojTBpM3auHio  npHHHMaeMOM  h  naaa- 
lOIlieft  BOJIHbl  H  MOryT  npHHHMaTb  3HaueHHB 
r=A;v,  i=h;v.  Bjiaro^apa  B3anMHocTH,  s/iv~svh, 
nooTOMy  TeopernuecKH  KOBapHauHOHHaa  MaT- 
prnra  cbojoimtcb  k  pa3MepHOCTH  3x3.  YuHTbiBaa 
npaKTMMecKoe  3HaueHMe  jiHHeMHOit  opToroHajib- 
HOft  nOJI5ipH3aUHH,  OrpaHHUHMCfl  JIHUIb  JIHHeil- 
hwm  nojiHpH3auHOHHbiM  6a3HCOM,  npaxTHHec- 
KH  He  TepBB  oGlUHOCTH.  OcHOBHbie 
nojiHpMMeTpHuecKHe  H3MepfleMbie  nepeMeHHbie 
moxho  Bbipa3HTb  qepe3  sri  cjieayiomuM  oGpa30M. 

Pa^HOJioKaimoHHaa  oTpaataeMOCTb  (PO)  npw 
rOpH30HTaJlbHOM  (H)  H  BepTHKajIbHOH  ( V)  no- 
JlHpH3aUH»X 


Polarimetric  measurables 

Let  sri  are  elements  of  the  covariance 
backscattering  matrix.  The  superscripts 
denote  received  and  incident  waves  po¬ 
larization  and  take  on  the  values  r=A;v, 
i=h;v.  Due  to  the  reciprocity  theorem, 
the  covariance  matrix  is  a  3x3  matrix. 
Taking  into  account  practical  value  of 
linear  orthogonal  polarization,  let  fur¬ 
ther  consider  only  linear  polarization 
basis  without  loss  of  generality.  The  basic 
polarimetric  measurables  can  be  expres¬ 
sed  through  sri  as  follows. 

The  radar  reflectivity  (RR)  at  ho¬ 
rizontal  (H)  and  vertical  (V)  polariza¬ 
tions 


z„  = 


rtte  X  -AJiHHa  bojihm,  K~  KOMruiexcHbifi  ko3<}>-  where  X  is  wavelength,  K  is  complex 
(J)HUHeHT  npejioMJieHHfl  BemecTBa  pacceHBaTe-  refraction  index  of  scatterer  substance 
m  ( |  K\2  =  0,93  jura  BOflbi  h  0,19  turn  Jibaa).  (|  K  |2  =  0,93  for  water  and  0,19  for  ice). 

J^Hcj^epeHUHajibHafl  orpaxaeMocTb  (flO)  The  differential  reflectivity  (DR) 


ZnR  —  1  0  lOg 


|2  * 


mtHeiiHoe  AenojiHpH3aimoHHoe  oTHomeHHe  (JXHO)  the  lhiear  depolarization  ratio  (LDR) 


LDRhy  =  101ogl^4  =  LDRvh  =101og^4  =  L 


•DR  ‘ 


KoppejiauHOHHbiH  K03(J)(})HUHeHT  npw  Hyjie-  The  correlation  coefficient  at  zero 
bom  cflBure  shift 


P*v(0)  = 

HH(i)(i)epeHUHajibHaa  (Jma  (flO) 


(SwShh  ) 


The  differential  phase  (DP) 
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me  —  <}>a3a  oTpaaceHHoro  cHraajia  npn  ro- 
pH30HTajibHoft,  a  (|)K- npH  BepTHKajibHOH  no- 
JIHpH3aUHHX.  IIOCKOJIbKy  pa3HOCTb  4)33  3aBHCHT 
ot  ^ajibHocra,  Ha  kotopoh  Haxo^iTCH  pacceH- 
BaTe/iH,  to  o6biHHO  Hcnojib3yioT  yuejibHyio  zxmcJ)- 
4)epeHUHajibHyio  4>a3y  (YflO) 


where  ^and  <j)K  are  phases  of  the  ref¬ 
lected  signal  at  horizontal  and  vertical 
polarizations.  Since  the  phase  difference 
depends  on  scatterers  range,  usually  the 
specific  differential  phase  (SDP)  is  used 


"  2  (R^R,)  ’ 


me  /?j  h  R2  -  tfajibHocTb  jx o  tmyx  pa3peuiaeMbix  where  R{  and  R2  are  distances  to  two 
o6beMOB  ( R2  >  R{).  resolution  cells  ( R2  >  R{). 


SKcnepHMeirrajibHan  nponepKa 
a^eKBaTHOCTH  Mo^ejiefi 


The  experimental  check  of  models 
adequacy 


fljw  npoBepKH  aneKBaTHocTH  MoneJieH  [1],  [2], 
no  KoropbiM  paccwibiBajiHCb  flO  ZDR  h  Jl/fO  LDR> 
HcnojTb30BanMCb  pe3y;ibTaTbi  30HflnpoBaHi«i  flox- 
m  cjraSoM  h  yMepennoH  mhtchchbhocth  c  noMo- 
thmo  paoHOJioKanHOHHon  cHCTeMbi  TARA  [3]. 

npH  H3MeHeHHH  yr;ia  HaioioHa  aHTeHHbi  h 
jraabHocTH  axo-cnmajibi  npHxottHT  ot  paajiHHHbix 
30H,aHpyeMbix  o6r>eMOB,  KOTopbie  Moryr  HMeTb 
paannuHbie  ncuiapH3auHOHHbie  cBOHcrea.  B  otom  cny- 
nae  Her  nojrnoH  yBepeHHocm,  hto  H3MeHeHHH  Bbi3- 
saHbi  H3MeHeHHHMH  yrjia  HaioioHa  aHTeHHbi,  a  He 
TeM,  hto  pacceHBarejiH  HMeior  pa3Hbie  nonapim- 
UHOHHbie  CBOHCTBa.  IIo3TOMy  Jim  o6pa6oTKH  6bUTH 
BbiSpaHbi  oGbeKTbi,  HMeiomne  HaHGojiee  omopoji- 
Hyio  cipyicrypy  b  SojibiiiHX  o6beMax  npocrpaHCTBa 
—  o6jio>KHbie  ocarucH.  3to  no3BOjmer  nojiyuHTb  3a- 
BHCHMocrb  H3MepaeMbix  nojiapH3auHOHHbix  napa- 
MerpoB  or  yrjia  HaioioHa  aHTeHHbi. 


To  check  the  adequacy  of  models  [1], 
[2],  which  were  used  for  DR  and  LDR 
calculations,  the  sounding  results  of  light 
and  moderate  rain  obtained  by  radar 
system  TARA  [3]  were  utilized. 

Under  changing  the  antenna  elevation 
and  objects  range,  the  echo-signals  are 
received  from  various  sounded  volumes, 
which  may  have  different  polarization 
properties.  In  such  case,  it  is  impossible 
to  ensure  that  the  changes  were  caused  by 
changing  the  antenna  elevation  rather 
than  different  polarization  properties  of  the 
scatterers.  Because  of  this,  we  have  chosen 
such  objects,  which  have  the  most  homo¬ 
geneous  structure  in  large  spatial  volumes, 
as  widespread  precipitations.  It  allows  to 
deduce  dependence  of  the  measured  po¬ 
larization  parameters  on  the  elevation. 


Phc.  1.  PaccHHTaHHbie  h  H3MepeHHbie  3HaneHHH  #0  h  JUfO 
Fig.  1.  Calculated  and  measured  values  of  DR  and  LDR 


AnropHTM  o6pa6oTKM  aaHHbix  (noruiepoB- 
CKHe  cneicrpbi)  BKjnouaeT  oueHKy  orpaacaeMo- 
crn  Z  h  nojiHpH3aiiHOHHbix  xapaicrepHCTHK  Z™ 
h  Ldr  npH  3anaHHOM  3Ha4eHHH  yrjia  Mecra  0; 
oueHKy  HHTeHCHBHOCTH  JXOXm  H  MeflHaHHOTO 


The  data  (Doppler  spectra)  processing 
algorithm  includes  estimation  of  the  ref¬ 
lectivity  Z  and  polarization  parameters 
ZDR  and  Ldr  for  the  given  elevation  0; 
estimation  of  rain  intensity  and  mean 
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AHaMeTpa  D0  Kanenb;  pacueT  nojiapimnHOHHbix 
napaMeTpoB  ZDR(fi)  h  1^(0)  corjiacHo  pa3pa- 
SOTaHHblM  MO^eJIHM  npH  3HaMeHHHX  0  h  D0, 
oueHeHHbiM  no  flaHHbiM  3KcnepMMeHTa;  cono- 
craBJieHHe  H3MepeHHbix  n  paccunTaHHbix  Be;m- 
4HH  ZDR  h  Ldk  Pe3yjibTaTbi  pacneTOB  npe^ciaB- 
jieHbi  Ha  pnc.  1  cmiomHbiMH  kphbmmh,  to4K3mm 
o6o3Ha4eHbi  pe3yjibTaTbi  oneHOK  Henocpe#- 
CTBeHHo  no  AaHHbiM  pa^HOJioKannoHHoro  3oh~ 
OTpoBaHHH  npn  0  =10,  15,  30,  45  h  90°. 

CooTBercTBH e  xeopnH  aaHHbiM  oKcnepHMeHTa 
HCHO  BH,H,HO  H3  3THX  Tpa^HKOB. 

H3MepeHHfl  OAHOKaHaJIbHbIM 

paAHOJIOKamiOHHblM  nOJIflpHMeTpOM 

B  pa6orax  [4],  [5],  [6]  npe^ciaBJieHbi  ropn- 
30HTanbHbie  n  BepTHKajibHbie  npocjmjiH  3oh,hh- 
pOBaHHfl  jktokhx  ocaaKOB,  npoBozurBweroca  c 
npnMeHeHHeM  o^HOKaHajibHoro  nonBH>KHoro 
cTpo6npoBaHHB.  Bo  BpeMa  3JieKTpH4ecKHX  pa3- 
paaoB  Ha6jiKxaajwcb  cKamai  flO,  Bbi3BaHHbie  H3- 
MeHeHHeM  opneHTaunn  Hec^epnnecKMX  nojur- 
pH30BaHHbix  paccenBaTejien  no#  ^encTBneM 
CHJibHoro  ajieKTpHuecKoro  nojifl.  AnnpoKCHMa- 
UHB  coBMecTHoro  pacnpeAejieHHH  PO  n  JlflO 
rayccoBHM  pacnpeflenenneM  noKa3aHa  Ha  pnc.  2. 

I&IDX) 


diameter  of  drops;  calculation  of  pola¬ 
rization  parameters  ZDR(0)  and  Lm(Q) 
according  to  developed  models  with  0 
and  D0  values  found  in  the  experiment; 
comparison  of  measured  and  calculated 
values  of  ZDR  and  LDR.  The  calculation 
results  (firm  lines)  is  shown  in  Fig.  1, 
whereas  points  denote  the  experimental 
data  estimates  obtained  at  0=10,  15,  30, 
45  and  90°. 

The  theory  conformity  with  experi¬ 
ment  data  is  evident  from  the  diagrams. 

Measurements  by  single-channel 

radar  polarimeter 

In  works  [4] -[6],  the  horizontal  and 
vertical  sounding  profiles  of  fluid  precipi¬ 
tations  are  presented,  which  were  carried 
out  with  the  use  of  single-channel  sliding 
gating.  During  electric  discharges,  there 
were  observed  sudden  DR  changes  caused 
by  the  orientation  change  of  non-spherical 
polarized  scatterers  influenced  by  strong 
electric  field.  Approximation  of  joint  RR 
and  LRD  distribution  by  Gaussian  law 
is  shown  in  Fig.  2. 


a) 


b) 


Phc.  2.  HByMepHbie  pacnpeaejieHHH  b  BHAe  KomypHOM  auarpaMMLi,  (a)  —  6e3  rpaaa,  (b) 

rpaa 

Fig.  2.  Bivariate  distribution  as  a  contoured  map,  (a)  rain  without  hail,  (b)  hail 

H3Mepemi5i  uByxKaHaiibHWM  Measurements  by  two-channel 

nojmpHMeTpHuecKHM  pauHOJiOKaTopoM  polarimeteric  radar 


HcxotfHbie  naHHbie  H3MepeHHfi,  BbinojiHeHHbix 
c  noMoiubio  nByxKaHajibHoro  nojiapHMeTpa  [7] 
npeacTaBJimoT  co6oh  pacneuanai  MarpHU,  co^ep- 
acamwx  32  3JieMeHTa  no  ropH30HTajiH  h  31  3Jie- 
MeHT  no  BeprHKajiH.  B  npeanojio>KeHHM,  hto  no- 
jmpH3auHOHHbie  HH4>opMauHOHHbie  napaMeTpbi 


The  raw  measurements  data  obtained 
with  the  use  of  two-channel  polarimeter 
[7]  are  listings  of  32x31  data  matrices. 
Supposing  that  polarization  informative 
parameters  are  characterized  by  smooth 
probability  distribution  function  (PDF), 
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xapaKrepH3yiorcH  DianKoft  iuioTHocrbio  pacnpe- 
iiejieHHfl  BepomHcxrreH  (IIPB),  npH  aHajiH3e  mh- 
Hbix  [8]  npHMeHeH  Merofl  a^epHbix  (kernel)  oue- 
hok  nPB  c  Hcno;ib30BaHHeM  noTeHUHajibHbix 
4>yHKUHii. 


the  data  analysis  [8]  was  performed  with 
using  the  method  of  nuclear  PDF  esti¬ 
mates  in  view  of  potential  functions. 


Phc.  3.  JtaepHbie  ouchkh  ruiorrHOCTH  bcpohthocth  coBMecmoro  pacnpeflejieHHH  ZfO  h  JIJ)0  ajw 
iioxaeBbix  rpanoBbix  odnaxoB 

Fig.  3.  Kernel  estimates  of  probability  density  of  DR  and  LDR  simultaneous  distribution  for  rain- 
hail  clouds 


IIpHMeHeHHe  npoexuHOHHbix  oueHox  c  ra- 
yccoBHMH  H^paMH  o6ecneunBaeT  nojiyueHHe 
iuiaBHbix  oueHOK  T1PB  nojwpH3auHOHHbix  xapax- 
TepHCTHK  aaxce  no  MajiMM  BH6opKaM. 

H3Mepemfa  KorepeHTHO-HMnyjibCHWM 

pamiojioKaTopoM 

B  OTJIHHHe  OT  PO,  flO  H  JlflO,  nOJIHpH3aun- 
oHHbin  napaMeTp  §Dp  CBH3aH  c  ocoGemroc- 
thmh  pacnpocrpaHeHHH  pa/tHOBOJiH  b  cpe/te.  npw 
pacceHHHM  Ha  mapoMeTeopax  MoxceT  B03HHicaTb 
nonojiHHTejibHbift  £H(]x}>epeHUHajihHbiii  (^aaoBbiH 
c^BHr  (<j>a),  cBH3aHHbiH  He  c  pacnpocrpaHeHH- 
eM,  a  c  pacceflHHeM.  OGmhho  oh  o6ycjioBneH  pac- 
ceHBaTejiHMH  Sojibmoro  awaMeipa.  BejinnuHa  §a 
BHOCHT  BKJiaH  b  nojiHyio  H3MepjreMyio  flO.  IIo- 
3T0My  H3MepeHHbie  BejiHHUHw  6ynyr  6ojibme 
Hyjia,  aaace  ecnn  Bee  pacceHBaTejiH  HMeioT  c(j>e- 
pHuecKyio  <Jx>pMy,  ho  cpe^w  hhx  npHcyrcTByiOT 
KpynHbie  uacTHitbi,  pacceHBaromne  b  oGjiac- 
th  Mh.  B  pa6oTe  [9]  yica3bmaeTCfl,  hto  4>tt  He 
TOjibKo  BJiHaeT  Ha  §Dp,  ho  h  cHHxaer  BejiHHHHy 
K03(J)(J)HUHeHTa  B3aHMHOf!  KOppeJIflUHH  (KK) 
p/iv(0).  HaHHbie  H3MepeHHfi  Y5<E>  KDpt  KK  h  apy- 
nix  nojiapHMeTpHuecKHX  xapajcrepHCTHK,  no- 
jiyneHHbie  c  noMombio  pa^HonoKaTopa  S-pol  b 
BH JXQ  Ka^H6pOBaHHbIX  pa^HOJIOKaUHOHHblX 
H3o6paxceHHH  [10],  6mjih  Hcnojib30BaHbi  win 
aHajiH3a  h  conocTaBJieHHa  c  nojiyueHHbiMH  pa- 
Hee  pe3ynbTaraMH. 


The  application  of  projection  esti¬ 
mates  with  Gaussian  nucleus  provides 
the  smooth  PDF  estimates  of  polarization 
parameters  even  for  short  samples. 

Measurements  by  coherent  pulse 
radar 

Unlike  RR,  DR  and  LDR,  the 
differential  phase  §DP  is  connected  with 
pecularities  of  wave  propagation  in 
medium.  The  hydrometeors  scattering 
can  lead  to  additional  differential  phase 
shift  (<|>a)  stipulated  by  scattering,  not 
propagation.  Usually  it  is  caused  by 
scatterers  of  larger  diameter.  The  value 
of  ^contributes  to  the  measured  DP. 
Therefore,  the  measured  values  will 
differ  from  zero  even  if  all  scatterers 
have  the  spherical  shape,  but  there  are 
large  scattering  particles  (Mi  domain) 
among  them.  It  is  pointed  out  in  [9]  that 
influences  §DP  and  also  reduces  the 
cross-correlation  coefficient  p/|v(0).  The 
measurements  data  of  SDP  KDpf  CC  and 
other  polarimetric  parameters  obtained 
by  S-pol  radar  in  the  form  of  radar 
images  [10]  have  been  used  for  analysis 
and  comparison  with  earlier  obtained 
data. 
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OScyjK^euHe  peayjibTaTOB  h  buboabi 

ITpH  nojiHpMMerpHHecKOM  paAHOAOKaunoH- 
HOM  30HAHp0BaHHH  MeTeoponorHHecKHX  o6l>eK- 
TOB  XapaKTepHCTHKH  oSpaTHoro  paCCeHHHH  OT- 
AHHaiOTCA  JUltt  rOpH3OHTaJIBH0  H  BepTHKBJIbHO 
II0AApH30BaHHblX  30HAHpyi0mHX  HMnyjIbCOB.  Ila- 

paMeTp  flO  He  bmxoaht  3a  npeAeAbi  Anana30Ha  - 

2-5  JlB.  ripH  30HAHp0B3HHH ,  6JIH3KOM  K  ropH30H- 
TajTbHOMy,  HaJIHHHe  BeAHHHH  flO,  3HaiIHTejlbHO 
npeBbiiijaiomwx  0  aB,  cBHAeTejibCTByeT  o  npeHMy- 
lUeCTBeHHOM  npHCyTCTBHH  CnJIIOCHyTblX  THApO- 
MeTeopoB.  npeHMymecTBeHHoe  HanHHHe  c<})epH- 
necKHX  rwApoMeieopoB  o6ycAOBAHBaer  6AH3KHe 
K  HyAK)  BeAHHHHbl  AO,  a  OTpHUaTeAbHbie  H3Me- 
peHHbie  BeAHHHHbl  ,11,0  CBHAeTeAbCTByiOT  06  OT- 
pa^KeHHH  OT  BbITAHyTbIX  rHApoMeTeopoB. 

CAeAyeT  3aMeTHTb,  hto  AO,  H3MepeHHan  b 
o6i>eKTe,  cocTOAmeM  H3  cMecn  paaAHHHoro  THna 
THApOMeTeopOB,  OKa3bIBaeTCH  CMemeHHOH  B  CTO- 
poHy  OToSpaxeHHA  <})opMbi  Tex  rHApoMeTeopoB, 
KOTOpbie  xapaicrepH3yK)TCA  6oAbiueH  OTpa^caeMO- 
CTbio.  riosTOMy  b  CMecn  AOXCAA  H  rpaAa  H3MepeH- 
HaA  AO  0Ka3biBaeTCA  SAHXce  k  3HaneHHio,  koto- 
poe  6btuo  6bi  b  cAynae  rpaAa.  3Ta  ocoSeHHocTb 
3aTpyAHAeT  pa3AeAeHHe  rpaAa  h  cmcch  npn  hc- 
noAb30BaHHH  AHiiib  napbi  napaMerpoB  PO  h  AO. 

CymecrBeHHbie  otahhha  npn  paAHOAOKanHH 
rpaAa  h  ao>kaa  o6ecneHHBaeT  napaMeip  JIAO.  Pe- 
3yAbTaTbi  3KcnepHMeHTa  noKa3biBaiOT  Aaace  6oab- 
niHe  otahhha  b  3HaneHHAX  JIAO  Mexny  oGbeKra- 
mh  c  rpaAOM  h  6e3  rpaAa,  neM  pe3yAbTarbi  pacneroB. 
3to  CBHAereAbCTByeT,  hto  napaMeTpbi  MOAeAen 
aha  rpaAa  6buin  Bbi6paHbi  c  Hpe3MepHOH  octo- 
poxcHocrbK).  O&beKTbi  c  rpaAOM  xapaicrepH3yK)TCA 
60AbUlHMH  3HaneHHAMH  JlflO,  HeM  AO>K Ab,  H3-3a 
HenpaBHAbHOCTH  4>OpMbI  H  XaamHeCKOH  OpHeH- 
TaijHH.  Oro  o6ecnenHBaeT  npeHMymecTBa  JlflO  Kax 
HIT.  OAHaxo  npoSAeMOH  abaactca  H3MepeHHe 
MaAbix  3HaneHHH  JIAO  ot  cnaSoro  aoacaa. 

HaAHHHe  KpynHoro  rpaAa  conpoBOAgraeTCA 
OHeHb  BbICOKHMH  3HaneHHAMH  PO,  6AH3KHMH  K 
HyAIO,  HAH  OTpHUareAbHblMH  3HaneHHAMH  AO,  a 
Tajcxce  3HaneHHAMH  KK,  b  cpeAHeM  6oAee  HH3KH- 
mh,  neM  aaa  ao>kaa.  KpynHbiH  rpaA  MoxceT  Bbi3- 
BaTb  3HaHHTeAbHoe  ocAaSaeHHe  cnmana.  B  tukhx 
cAynaAx  Ha6AK>AaeMbie  BeAHHHHbl  YAO  h  KK  aoa- 

XCHbl  HCnOAb30BaTbCA  C  OCTOpOXCHOCTbK).  B  Ta6 A.  1, 
cocraRJieHHOH  Ha  ocHOBe  aHaAH3a  AaHHbix  c  yne- 
tom  pe3yAbTaT0B  pacnera  h  moacahpob3HHa  ,  co- 
6paHW  cBeAOHHA  o  xapaxrepHbix  3HaneHHAx  rurm 
OCHOBHbIX  nOAApH3aUHOHHbIX  napaMeTpOB,  KOTO¬ 
pbie  Moryr  o6ecneHHTb  acjxjxjKTHBHoe  ncnoAb3o- 
BaiiHe  noAApHMeipHHecKoro  paAHOAOKaTopa  aaa 
KnaccH<j)HKauHH  no  THnaM  rHApoMereopoB. 

rioAApHMeTpHHecKHe  H3MepAeMbie  nepe- 
MeHHbie  MOryT  6bITb  HCn0Ab30BaHbI  COBMeCTHO 
c  PO  aaa  pacno3HaBaHHA  THna  rHApoMeTeopoB. 


Discussion  of  results  and  conclusion 

Under  polarimetric  radar  sensing  of 
weather  objects,  the  backscattering 
characterisitcs  are  different  for  horizon¬ 
tally  and  vertically  polarized  sounding 
pulses.  The  DR  parameter  lies  inside  the 
range  -2-f5  dB.  With  near  horizontal 
sounding,  DR  values,  which  conside¬ 
rably  exceed  0  dB,  points  to  preferred 
presence  of  oblate-shaped  hydrometeors. 
The  preferred  presence  of  spherical  hydro- 
meteors  causes  DR  close  to  0  dB,  and 
the  negative  values  of  DR  are  evidence 
of  reflection  from  prolate  hydrometeors. 

It  should  be  noted  that  DR  measured 
for  object  consisting  of  mixture  of  various 
hydrometeors  is  shifted  aside  the  shape 
representation  of  those  hydrometeors, 
which  are  characterized  by  the  larger 
reflectivity.  Therefore,  the  DR  value 
measured  for  mixture  of  rain  and  hail 
is  closer  to  value  which  would  be  in  case 
of  hail  only.  This  feature  make  difficulties 
for  distinguishing  hail  and  the  mixture 
by  only  pair  of  RR  and  DR  parameters. 

LDR  provides  essential  differences  in 
radar  sensing  of  hail  and  rain.  Results  of 
experiment  show  even  larger  differences 
in  LDR  between  weather  objects  with 
and  without  hail  than  the  calculations 
results.  It  testifies  that  the  models 
parameters  for  hail  have  been  chosen 
with  excessive  care.  Weather  objects  with 
hail  are  characterized  by  larger  LDR  than 
rain  because  of  irregular-shaped  particles 
and  their  chaotic  orientation.  So  that 
LDR  has  advantages  as  informative 
parameter.  However,  there  is  a  problem 
with  LDR  measuring  for  light  rain. 

The  presence  of  large  hail  is  accom¬ 
panied  by  very  high  RR  values,  DR 
values,  which  are  close  to  zero  or  nega¬ 
tive,  and  CC  values,  which  are  lower, 
on  average,  than  for  rain.  The  large  hail 
can  cause  essential  attenuation  of  signal. 
In  such  cases,  the  observable  SDP  and 
CC  values  should  be  used  with  a  care. 
Table  1  includes  the  calculation  and 
simulation  results  and  presents  typical  data 
on  five  basic  polarization  parameters, 
which  can  provide  an  effective  operation 
of  polarimetric  radar  for  hydrometeors 
classification. 

The  polarimetric  measurables  can  be 
used  together  with  RO  for  recognition 
of  the  hydrometeor  types. 
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Table  1 


Mo)kho  TaioKe  npermonoacHTb,  hto  ohh  mo-  We  can  also  assume  that  they  can 
iyr  6biTb  nojie3Hbi  jsm  pacno3HaBaHHH  HeMeTeo-  be  useful  for  recognition  of  not  weather 
pojiorauecKMx  (HanpHMep,  riHOjioraMecKHx)  pac-  (for  example,  biological)  scatterers.  The 
ceHBaTejiew.  M3MepeHHH  nojiapH3auHOHHbix  measurements  of  polarization  parameters 
napaMeTpoB  cymecraeHHo  pacmupmoT  bo3moxc-  essentially  expand  abilities  of  radar 
hocth  pa/tHojioKannoHHbix  cpeacTB  npn  oriHapy-  systems  while  detecting  hail  area  and 
aceHHH  rpaaoBbix  ouaroB  h  3oh  orijieaeHeHHH  ca-  aircraft  icing  zones. 
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A  method  of  remote  measurement  of  orien¬ 
tation  parameters  of  crystal  ice  particles 
in  high-level  clouds  with  the  use  of  altitude 
polarization  lidar  is  described.  Results  of 
of  many  years  investigations  are  discussed. 


Una  pemeHHH  MHorax  3aaaH  <J)M3hkh  arwoc- 
4>epM  h  MeTeopcwiornH  (nanpHMep,  ana  pacneTa 
paflHauHOHHoro  GanaHca  aTMOc<j)epbi)  Heobxo- 
AHMa  o&beKTHBHaa  HH<i>opManHfl  06  onTHHec- 
khx  xapaicrepHCTHKax  o6jiaKOB  BepxHero  apyca. 
OnTHHecKwe  MonejiH  xanejibHbix  oCwiaxoB  pa3- 
pa60TaHM  nOCTaTOHHO  XOpOUIO.  ECTb  MOfleJIH 
KpHCTaJUlHHeCKMX  o6jiaKOB  C  XaOTHHeCKM  OpH- 
eHTHpOBaHHMMH  HeccJjepHHecKHMH  HaCTHUaMH. 
OaHaKO  onTHaecKMe  CBoftcTBa  o6jiaKOB,  npea- 
cTaBJieHHbix  npeHMymecTBeHHo  opHeHTHpoBaH- 
humh  KpHCTanjiaMH  Jibfla,  Mano  H3yneHbi.  3to 
cBa3aH0  c  TeM,  hto  o6maa  TeopMa  pacceaHHa 
3JieKTpOMarHHTHMX  BOJIH  Ha  aHCaM6jiaX  KpHC- 
xajwoB  no  Hacroamero  BpeMeHH  He  co3aaHa,  w  neT 
nOJIHOH  (J)H3H4eCKOfi  MOfleJIH  MHKpOCTpyKTypbl 
KpHcrajuiHHecKHX  o6aaKOB  BepxHero  apyca. 

Hec(J>epHHHOCTb  h  opHeHTaitHa  nacTHU  npw- 
BoaflT  k  BHpaxceHHoft  aHM30TponHH  pacceHHHH 
cBeTa,  KOTopaa  b  oxnejibHLix  cjiynaax  npoaBJia- 
eTca  b  BHwe  H3BeciHbix  aHOMaubHbix  onTHaec- 
khx  aBJieHHft  (jioatHbie  CojiHua,  cTOJi6bi  h  t.#.). 
IIpOCTpaHCTBeHHyK)  OpHeHTaUHK)  MHKpOHaCTHU 
B  aTMOC(|)epe  KOHTaKTHbIMH  MeTO/taMH  H3MepHTb 
HeB03MoxcHo.  npubopM,  yctaHOBJieHHbie  Ha  jie- 
TaTejibHMX  annapaTax,  MoryT  perHCTpHpoBaTb 
KOJiHMecTBO  aacTHU  b  e^HHHue  o&beMa,  4>opMy, 
waccy,  3jieKTpHHecKHft  3apa#.  OflHaxo  npH  3a6o- 
pe  npo6  aTMOc<l>epHoro  B03,nyxa  HH^opMauwa 
06  opneHTauHH  HectJjepHuecKwx  qacrau  Tepa- 
eTca  6eccjieaHO.  B  HacToameM  aoioiaae  onHCbi- 


The  solution  of  many  problems  of 
atmosphere  physics  and  meteorology 
(for  example,  calculation  of  the  radia¬ 
tion  balance  of  atmosphere)  requires 
objective  information  on  optical  charac¬ 
teristics  of  high-level  clouds.  Optical 
models  of  drop  clouds  are  well  studied. 
There  are  models  of  crystal  clouds  with 
chaotically  oriented  non-spherical  parti¬ 
cles.  However  optical  properties  of  the 
clouds  with  preferentially  oriented  ice 
crystals  have  been  studied  insufficiently.  It 
was  caused  by  the  fact  that  the  general 
scattering  theory  of  EM  waves  on  crystal 
aggregates  was  not  developd  till  now,  and 
there  is  no  complete  physical  model  of  a 
microstructure  of  crystal  high-level  clouds. 

Non-spherical  shape  and  orientation 
of  particles  lead  to  pronounced  aniso¬ 
tropy  of  light  scattering,  which  is  mani¬ 
fested  as  known  abnormal  optical  pheno¬ 
mena  (false  Suns,  poles,  etc.).  It  is  impossible 
to  measure  space  orientation  of 
microparticles  in  atmosphere  by  contact 
methods.  The  airborne  devices  can  register 
quantity  of  particles  in  unit  volume,  their 
shape,  mass,  and  electric  charge.  However, 
after  air  sampling  the  information  on 
orientation  of  non-spherical  particles  is 
lost  completely.  In  the  presentation,  a 
method  of  noncontact  determination  of 
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BaeTca  MeTOfl  6ecKOHTaKTHoro  orrpeaeaeHHH  cristal  particles  orientation  in  clouds 
opueHTauHH  KpHCTajuiHHecKHX  qacrau  b  o6jia-  with  the  use  of  polarization  lidar  is 
Kax  c  noMombio  nojiapH3auHOHHoro  awaapa.  considered. 

IIojiHpH3auHOHHbie  xapaicrepHCTHKH  3JieKT-  Polarization  characteristics  of  EM 
pOMarHHTHoro  H3ayqeHHH  b  onranecKOM  ana-  radiation  in  optical  band  are  convenient 
na30He  jxtchh  bojih  yaobHo  BbipaacaTb  qepe3  4-  to  express  by  4-dimensional  Stokes  vec- 
MepHbin  BeKTop  CTOKca  (BC),  KOMnoHeHTbi  tor  (SV),  which  compnents  are  linear 
KOTOporo  npeacTasnaioT  coboii  aHHeiiHbie  kom-  combinations  of  elements  of  the  cohe- 
6HHaiiHH  ajieMeHTOB  MaTpHUbi  KorepeHTHOcra,  rence  matrix  and  can  be  measured  in 
noaaaioinHXCfl  H3MepeHHio  b  sxcnepHMeHTe  experiment 

'(EX)  (EXy) 

(EX)  (EXy)  \ 

rae  Exia  Ey  —  opToroHajibHbie  coeraBaaiomHe  here  Ex  and  E  are  orthogonal  com- 
BeKTopa  HanpHXceHHOcra  saexTpHHecxoro  noaa  ponents  of  electric  field  intensity  vector 
KBa3HM0H0Xp0MaTMuecK0H  3JieKTpoMarHHTHon  of  quasi-monochromatic  wave  propaga- 
BoaHbi,  pacnpocTpaHaiomeftcH  b  HanpaBaemm  ting  along  z-axis  of  cartesian  coordinates; 
och  zaeKapTOBOH  cHCTeMbi  KOopaHHaT.  YraoBbie  <..>  denotes  time  averaging,  and  (..)* 
cko6kh  03HaqaiOT  onepairmo  ycpeaHeHHH  bo  denotes  complex  conjugate.  The  first 
BpeMeHH,  a  (..)*  -  xoMnaexcHoe  conpaaceHHe.  Stokes  vector  term  defines  a  total  intensity 
IlepBbiH  aaeMeHT  BC  onpeaeaaeT  nojiHyio  hh-  of  beam  radiation 
TeHCHBHOCTb  H3ayueHHH  b  nyuxe 

I  =  E  E*  +E  E\ 

BeKTop  CTOKca  H3jryqeHHB,  pacceaHHoro  b  The  Stokes  vector  of  backscattered 
HanpaBJieHHM  Ha3aa  obbewoM  AV,  HaxoaamHMca  radiation  by  volume  AV  at  a  distance  r 
Ha  paccToaHHH  r  ot  anaapa,  3anHineM  b  caeay-  from  lidar  is  written  as  follows 
iomeM  BHae 

/(r)sfc>-Af,(r)70s0AF/r2,  (D 

rae  70, /- HHTeHCHBHOCTH  (nepBbie  KOMnoHeHTbi  where  J0,  /  are  intensities  (first  SV's 
BC)  naaaiomero  h  pacceaHHoro  H3ayaeHHa,  a  terms)  of  the  incident  and  scattering 
s0  h  s  -  6e3pa3MepHbie  BexTopu  CTOKca,  Hop-  radiation,  s0  and  s  are  dimensionless 
MHpoBaHHbie  Ha  HHTeHCHBHocTb  Stokes  vectors  normalized  by  intensity 

s(r)  =  (l,  q(r),  u(r),  v(r))T ,  s0  =  (l,  q0 ,  u0 ,  v0  )r ,  (2) 

3aecb  3Hax  (..)r  o6o3HaaaeT  onepauHio  TpaHc-  where  (..) 7  denotes  matrix  transposition. 
noHHpoBaHHa  MaTpHUbi. 

Ha  aeTexTop  npHeMHnxa  b  momcht  Bpewe-  Let  radiation  is  applied  at  the 
hh  t  nocTynaeT  H3JiyaeHHe  H3  obbeMa  receiver's  detector  from  volume 


AF  =  cAtr2  w0/2,  (3) 

rae  c  —  cxopocTb  cBeTa;  At  —  aaHTeabHOCTb  aa-  where  c  is  light  speed;  At  is  laser  pulse 
3epHoro  HMnyabca;  w0  —  TeaecHbift  yroa,  b  ko-  duration;  w0  is  spatial  angle  in  which 
TOpOM  pacnpocTpaHaeTca  aa3epHoe  HaayaeHHe.  the  laser  radiation  propagates.  Product 
IIpoH3BeaeHHe  r2^  -  obayaaewaa  aa3epHbiM  f2wQ  is  a  square  irradiated  by  laser  beam 
nyqxoM  naomaab  Ha  paccToaHHH  r  ot  anaapa.  at  distance  r  from  lidar.  Intensity  of  the 
MHTeHCHBHocTb  aa3epHoro  H3ayaeHHa,  naaaio-  laser  radiation  illuminated  volume  AV 
mero  Ha  obbeM  AV,  paBHa  reads  as 


/0W  = 


PpT(r) 
r2*0  ’ 


(4) 
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we  PQ  —  MoiHHocTb  H3JiyHeHH5i  Aa3epa;  T(r)  —  where  PQ  is  radiated  power;  T(r)  des- 
nponycKaHHe  Tpaccbi  ot  JiHAapa  #o  o6i»eMa.  cribes  propagation  along  the  path. 

MomHocTb  na^aiomero  Ha  npneMHyio  aH-  Power  of  incident  radiation  at 
TeHHy  pacceaHHoro  H3Ay4eHHA  paBHa  receiving  antenna  is  equal  to 


P(r)  =  I(r)AT(r),  (5) 


we  A  ~  njiomaab  aHTeHHbi. 

PeaKUHB  ^oTOfleTeicropa  nponopUHOHajibHa 
cBeTOBoft  oHeprnn,  nocrynKBiiieM  Ha  Hero  3a  He- 
KOTOpoe  Bpewa  Ax,  onpeaeaaeMoe  HHepiwoHHOc- 
Tbio  npubopa,  ah6o  3aAaiomeeca  3KcnepnMeHTa- 
TOpOM.  Ha30BeM  JIHAapHbIM  OTKJIHKOM  BeAHHMHy 


where  A  is  antenna  aperture. 

The  response  of  photodetector  is 
proportional  to  light  energy  for  a  time 
interval  Ax  determined  by  device  responce 
time  or  set  in  the  experiment.  Let  us 
introduce  a  lidar  response  as 


F(r )  =  p  k  P(r)  At  r 2 ,  (6) 

we  \x  -  K03$(J)HUHeHT  nponopuHOHajibHOCTH  where  p  is  proportional  factor  between 
Meawy  CBeTOBOH  3Heprneft  h  peaKUHen  AeTeK-  light  energy  and  detector  response;  k  is 
Topa;  k  -  K03{J>4>HUHeHT  onTHuecKHX  noTepb  Ha  coefficient  of  optical  losses  caused  by 
sjieMeHTax  npweMHoro  TpaKTa.  elements  of  the  receiving  channel. 

06T>eAHHHfl(l)-(6),nojTyHHM  Joining  (1)  to  (6)  gives 


F(r)s(r)  =  CT\r)AhMK(r)s0, 


(7) 


We  A/?  =  cAx/2  —  npocTpaHCTBeHHaa  anHTejib- 

HocTb,  cooTBeTCTByronraa  BpeMeHH  HHTerpHpo- 
BaHHB  At;  C  -  annaparaaa  KOHCTaHTa  jmaapa 
(C  =  p k  A  E0 ;  E0  =  PQ  At  -  SHepraa  oahhouhofo 
HMnyjibca  H3JiyueHHa  Aa3epa). 

ypaBHeHwe  (7)  HBJiaeTca  BeicropHbiM  aHa- 
jiofom  cKanapHoro  AHAapHoro  ypaBHeHHa.  Oho 
no3BOJiaeT  onpeAejiHTb  Marpiiny  o6paTHoro  pac- 
ceaHHH  CBeTa  (MOPC),  Koropaa  HeceT  noji- 
Hyio  HH(J)OpMaitHio  06  HCcaeayeMOH  cpeAe. 

M3MepeHHe  MOPC  ecTecTBeHHbix  o6jiaKOB 
BepxHero  apyca  npoBOAHTca  Ha  yHHKaabHOM 
BbiccroroM  nojiapH3aitHOHHOM  AHAape  «CrpaToc- 
4>epa-lM».  OTAHHHTeJIbHOH  OC06eHHOCTbK)  3TO- 
ro  AHAapa  aBJiaeTca  HariHUHe  b  HeM  y3Aa  TpaHc- 
(JiopMauHH  cocToaHHa  noaapH3aiiHH  HanyueHna 
nepeAaTHHKa  (ABe  (J>a30Bbie  naacTHHKH  X/4, 
ycTaHOBJieHHbie  Ha  och  nymca)  h  HanHUHe  b  npn- 
eMHOM  KaHajie  noaapHMeipa,  cocToamero  H3 
<J>a30Bott  rtnacTHHKH  X/4  u  npH3Mbi  BojuiacTOHa. 

IIocKOAbKy  npw  pacceaHHH  cTporo  Ha3aA 
naocKOCTb  pecJjepeHirHH  He  onpeAeaeHa  (boa- 
HOBbie  Beicropbi  npaMoro  h  pacceaHHoro  H3Jiy~ 
ueHHa  AexcaT  Ha  oaho#  npaMofi),  H3MepeHHe 
MOPC  Beaerca  b  cncTeMe  KOOpAHHaT,  CBA3aH- 

HOft  C  AHAapOM. 

Och  Zq  H  z  HMeioT  ecrecTBeHHbie  HanpaBAe- 
Hua  BOAHOBbix  BeKTOpos  nocbmaeMoro  h  npn- 
HHMaeMoro  H3AyaeHHa.  BTopbiM  ecrecxBeHHbiM 
penepoM  aanaerca  ruiocKocTb,  b  kotopoh  nponc- 
xoaht  KOAebaHwa  aaeicrpHuecKoro  Beicropa  ah- 
HeftHo  noAapH3QBaHHoro  Aa3epHoro  H3AyaeHHa. 


where  Ah  =  c  At  /  2  is  spatial  range  cor¬ 
responding  to  integration  time  At;  C  is  the 
lidar  constant  (C  =  p k  A  E0;  E0  =  P0  At 
is  energy  of  single  radiated  pulse). 

The  equation  (7)  is  a  vector  analog 
of  the  scalar  lidar  equation.  It  allows  to 
find  the  light  backscattering  matrix 
(LBSM),  which  contains  all  information 
about  medium  investigated. 

The  LBSM  measurements  of  high- 
level  natural  clouds  is  carried  out  with 
using  an  unique  altitude  polarization 
lidar  "Stratosphere- 1M".  The  distinctive 
feature  of  the  lidar  are  transformation 
unit  (two  X/4  phase  plates  along  the  beam 
axis)  intended  for  changing  the  polari¬ 
zation  state  of  the  radiation  and  pola- 
rimeter  ( X/4  phase  plate  and  Wollaston 
prism)  in  the  receiving  channel. 

Since  the  strict  backscattering  does 
not  allow  to  define  the  reference  plane 
(wave  vectors  of  the  direct  and  scattered 
radiation  lay  on  one  line),  the  LBSM 
measuring  is  performed  in  lidar  coordi¬ 
nates. 

The  axes  z0  and  z  have  natural 
directions  of  wave  vectors  of  outgoing 
and  received  radiation.  The  second 
natural  reference  is  the  plane,  in  which 
there  are  electric  vector  oscillations  of 
linearly  polarized  laser  radiation.  In  this 
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B  3tom  iuiockocth,  coaepxamen  Zq,  onpeaeiweTCfl 
ocb  x0 1  z0 .  B  nepneHflHKyjwpHoft  k  Hen  ruiocKo- 
cth,  Tarace  co^ep>KameH  onpeaejiaeTca  ocb  y0. 
ITojio>KHTeJibHhie  HanpaBJieHPW  ocew  BbiSnpaioT- 
ca  TaK,  hto6h  euHHmiHbie  Beicropbi  o6pa30BajiH 
npaBOBHHTOByio  TpofiKy  ex0xeyQ  =  ez0 .  B  cncreMe 
x0,  y0,  z0  H3MepaiOTca  BC  nocbuiaeMoro  Jia3epHO- 
ro  nyaKa.  Ocb  x  cHcrewbi  KoopmiHaT  x,  y,  z,  jum  BC 
pacceaHHoro  H3JiyaeHHa,  BbiSnpaeTCH  napamejib- 
hoh  HanpaBJieHHio  och  x0  (ex  KojuiHHeapeH  e^). 

E[pH3Ma  BojuiacTOHa  ycTaHaBJiHBaeTca  TaK, 
MT06bI  HOpMaJIb  K  IUIOCKOCTH,  B  KOTOpOM  npO- 
hcxouht  pa3Be,aeHHe  opToroHajibHo  nojiapH3o- 
BaHHbix  BbixoaamHx  H3  Hee  nyaKOB,  coBnanana 
c  HanpaBJieHHeM  ex.  Och  y  onpe^eaaeTca  b  stoh 
iuiockoctm  Taoce  ycjioBHeM  exxey  =e2.  npH 
TaKOM  Bbl6ope  CHCTeMbI  KOOp£HHaT  OflHH  H3 
Bbixoaamux  H3  npH3Mbi  nyuKOB  paBeH  x-cocraBJia- 
loiueH,  a  apyroH,  coorBerciBeHHo,  y-cocraBJiaiomeM 
HHTeHCHBHociH  naflaiomero  Ha  npH3My  nyqxa. 

npoxo^eiiHe  nyaKa  H3JiyneHHa  aepe3  npn- 
3My  BojuiacTOHa  h  HeTBeprbBoaHOByio  ruiacTHH- 
Ky  b  npHeMHOM  KaHaae  moxcho  onHcaxb  Kax  noc- 
aeaoBaTeabHoe  nencTBHe  onepaTopoB  (J>a30B0H 
naacTHHKH  N(Q)  h  JiHHeHHoro  no;iapn3aTopa 
L(6)  Ha  BC  nymca  s(r).  Yroii  noBopoTa  0  naoc- 
kocth  nponycKaHHa  noaapH3aTopa  h  6bicrpoH 
OCH  <j>a30BOH  IUiaCTHHKH  OTCHHTblBaeTCfl  OT  OCH 
x  6a3Hca  npoiHB  aacoBon  cTpejiKH.  IlpoxoxcaeHHe 
nyaKa  HaayaeHHa  aepe3  npHeMHbin  KaHaa  jih- 
aapa  moxcho  oxapaKrepH30Barb  TpeMa  napaMH 
npnSopHbix  BeicropoB  G  ana  cooTBeTCTByjomnx 
kom6hh3iihh  noaoxceHHH  npH3Mbi  h  <J>a30Bon  naa- 
CTHHKH 


plane  containing  the  axis  x0lz0  is 
defined.  In  the  perpendicular  plane,  also 
containing  the  axis  y0  is  defined.  The 
positive  axes  directions  are  chosen  so 
that  unit  vectors  form  the  right-handed 
coordinates  ex0  x  e,0  =  ez0 .  In  the  system 
xo>  JV  *o’  Stokes  vector  of  radiated 
laser  beam  is  measured.  The  x-axis  of 
the  coordinates  x,y,z  for  SV  of  the 
scattered  is  chosen  parallel  to  x0-axis 
direction  ( ex  is  collinear  to  e^). 

The  Wollaston  prism  is  placed  in  such 
way  that  normal  to  the  plane,  in  which 
there  is  a  separation  of  output  orthogonally 
polarized  beams,  coincides  with  direc¬ 
tion  ex.  The  y-axis  is  also  defined  in  this 
plane  by  condition  ex  x  =  e2 .  With 
such  coordinates,  one  of  the  beams  at 
the  prism  output  equals  to  x-component, 
and  another  one  to  y-component  of  the 
incident  meam  intensity. 

The  radiation  beam  passage  through 
the  Wollaston  prism  and  quarter  wave 
phase  plate  in  the  receiving  channel  can 
be  described  as  subsequent  action  of 
phase  plate  #(0)  and  linear  polarizer 
1(0)  operators  on  Stokes  vector  of  beam 
s(r).  Rotation  angle  0  of  the  polarizer  pass 
plane  and  fast  axis  of  the  phase  plate  is 
read  off  relatively  x-axis  counter-clock¬ 
wise.  The  beam  passage  through  the 
receiving  channel  can  be  characterized 
by  three  pairs  of  instrument  vectors  G 
for  the  corresponding  combinations  of 
the  prism  and  phase  plate  orientations 


G'?)[l(0)7V(0)]  =  i(l  1  0  0);  G™ [i(7i/2)iV(0)]  =  -1  0  0); 

2*  2 

G^[L(n/4)N(n/4)]  =  U\  0  1  0);  G«[L(-7c/4)N(7c/4)]  =  i(l  0  -1  0); 
2  2 

<7^  [Z,(0)AT(7t/4)]  =  1(1  0  0  -1);  Gy[L(n/2)N(n/4)]  =  ±(l  0  0  l). 

^  2 


Hmiexcbi  x,  y  o3HaqaioT,  nro  aencraHe  naHHO- 
ro  Beicropa  npHBo^HT  k  H3MepeHHio  hhichchb- 
HOCTeH  KOMIIOHeHTOB  n0JIHpH30BaHHbIX,  COOT- 
BeTCTBeHHO,  nepnemiHKy^HpHo  h  napajuiejibno 
rinocKocTH  pa3BeAeHHH  nynKOB  b  npH3Me  Boiuiac- 
TOHa.  BepXHne  HHneKCbi  03Hauaj0T,  uto  aencTBHe 
napbi  BeicropoB,  o6o3HaqeHHbix,  HanpHMep,  hh- 
aeKcoM  qy  npHBOAflT  k  H3MepeHHio  napawerpa  q 
6e3pa3MepHoro  BC  s. 


Subscripts  x,y  means  that  using  the 
given  vector  leads  to  measurement  of 
intensities  of  components,  which  are 
polarized  peipendicularly  and  in  parallel 
to  the  plane  of  beam  separation  in  the 
Wollaston  prism.  Superscripts  means  that 
impact  of  vectors  pair,  for  example, 
marked  by  q ,  leads  to  measurement  of  q 
of  the  dimensionless  Stokes  vector  s. 
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TaKHM  o6pa30M,  Therefore,  we  get 

ly  =Gfl  s(r)  =  ^(l  -1  0  0)/(/  q  u  vf  =-I(l-q), 

Ix  =  <7*?,/s(r)  =  -t(l  1  0  0)1(1  q  u  v)' =-t/(l  +  ?). 

Orcioaa, 3aMeTHB, mto /+/=/ ,  noayMHM  With  / +/ -/ ,  it  is  possible  to  write 

q  =  (Ix-Iy)/(Ix+I)’)- 

HeTbipe  paaJiHHHbie  KOMbHHaijHH  nojioxeHHH 
(no  yrjiy  0)  HeTBepTbBOJiHOBbix  njiacTHH  no3BO- 
jihiot  nojiynHTb  pa3Hbie  coctohhhb  nojiapH3a- 
uhh  jia3epHoro  nyiiKa  6e3  cymecrBeHHOH  noTepn 
moihhocth:  jiHHenHyio  c  KOJiebaHHBMH  Beicropa 
E  BflOJib  OCH  x  6a3nca  Jinnapa,  jiHHeHHyio  c  KOJie- 
6aHHHMH  Beicropa  E  Bflojib  och  y  6a3Hca  jinnapa, 

JlHHCHHyiO  C  nOBOpOTOM  nJIOCKOCTH  KOJieSaHHH 
Ha  45°  oTHocHTejibHO  nJIOCKOCTH  xOz  H  npaByio 
KpyroByio  nojisipH3auHK>. 

nocJiejioBaTeJibHoe  30HjmpoBaHHe  cpejibi  H3- 
JiyHeHHeM  C  HeTbipbMJI  nOJIHpH3aUHHMH  H  H3MC- 
peHHe  BeKTopa  CTOKca  paccenHHoro  Ha3aji  H3- 
jiyueHHH  no3BOJi»eT  nojiynHTb  16  coothouichhh, 

M3  KOTopbix  onpe/iejHHOTCH  ojieMeHTbi  MOPC.  B 
Ta6jiHue  npHBejieHbi  KOMbHHauHH  ojicmchtob 
MOPC,  onpejiejiaeMbix  b  npouecce  ceaHca  3oh- 

JJHpOBaHHH. 


Tadjimja  CTable) 


Ee3pa3MepHbm 
BCKTOp  CTOKca 
jiraepHoro  nyniea 
(Dimensionless 
Stokes  vector  of 
laser  beam) 

lHeficiEyiomw  nap  a  npufiopHfaK  BaaopoB 
( Available  pair  of  device  vectors) 

Orq>eflejineMafl 
KOM&rHaiQifl  3JKMBHTOB 

MOPC 

(Desired  combination  of 
LBM's  elements) 

/  — 2, 3,4 

1/2(1  1  0  0) 
1/2(1  -1  0  0) 

1/2(1  0 1  0) 
1/2(1  0-1  0) 

1/2(1  0  0-1) 
1/2(1  001) 

HSMepflCMbK  BCJnWHHbl 
(Measurables) 

Soi  =  0  1  00)' 

_J!l _ 

Ui 

Vl 

(mn+m^Kmn+m^ 

Sm  ”  0  TO W 
smss(i  b  i  o)3' 

_ a? _ 

Q't 

--“g _ 

y2 _ Z 

__.ua _ 

(ma+mfdKmn+mn)  __ 

S04  =  (i  oo-ijr 

Jh- _ 

«4 

v4 

(mii+mA)Kmn+mu') 

Four  different  orientation  combi¬ 
nations  (0)  of  the  %/A  plates  allow  to  ob¬ 
tain  (without  essential  power  loss)  such 
different  polarization  states  of  laser  beam 
as  linear  (E  oscillations  along  x-  and  y- 
axis  of  lidar),  45°  rotated  linear  polariza¬ 
tion  relatively  xOz  plane,  and  the  right- 
circular  polarization. 

Subsequent  sounding  of  medium  by 
radiation  with  four  polarization  states  and 
Stokes  vector  measurement  of  the  back- 
scattered  radiation  allows  to  get  16  rela¬ 
tions,  from  which  LBSM  elements  are 
determined.  Table  1  shows  the  combinations 
of  the  LBSM  elements  as  a  result  of  remote 
sounding. 


MeTOAHKa  onpenejieHHfl  yrjia  npeHMymecrBeH- 
Hofi  OpHeHTaUHH  KpHCTarUIOB  B  ropn 30HTajIbH0H 
nJIOCKOCTH  (cTOJiShKH  —  OCHMH,  nJiaCTHHKH  ” 
HOpMaJWMH  K  OCHOBaHHK))  OCHOBaHa  Ha  CBOH- 

CTBax  MOPC,  Tax,  HanpHMep,  npH  jiio6om  Bpa- 
meHMH  BOKpyr  OCH  z  XaOTHHeCKHH  aHCaMbJIb  uac- 
thu  nepexojxHT  caM  b  ceSa.  IIoaTOMy  ero  MOPC 

JTOJDKHa  6bITb  HHBapnaHTHa  OTHOCHTeJIbHO  nOBO- 
poTa  Ha  npoH3BQJn»HbiH  yron  O  cncreMbi  KoopflM- 
HaT,  B  KOropOH  npOH3BOJXHTCa  OHHCaHMe  MUTpHIIbl- 
npH  30HHHpOBaHHH  B  3CHHT  B  aHCaMbjie  KpHCTaJI- 
JIHHeCKHX,  npeHMymeCTBeHHO  OpHeHTHpOBaHHbIX, 
uacTHU  cymecrByer  ruiocKocrb  3epKanbHOH  chmmct- 
pHM.  Ectih  3Ta  ruiocKocrb  cocraEJiaer  a3HMyranbHbift 


The  determination  procedure  of  the 
preferred  orientation  angle  of  ciystals  in 
the  horizontal  plane  (columns  by  axes, 
plates  by  normal  to  the  basis)  is  based  on 
LBSM  properties.  For  example,  at  any 
rotation  around  z-axis,  a  chaotic  ensemble 
of  particles  transfers  in  itself.  Therefore, 
its  LBSM  should  be  invariant  relatively 
the  arbitrary  rotation  angle  O  of  the 
coordinates,  in  which  the  matrix  is  des¬ 
cribed.  With  vertical  sounding,  there  is  a 
plane  of  mirror  symmetry  in  ensemble 
of  crystal  oriented  particles.  If  this  plane 
is  oriented  at  azimuth  angle  <t>0  relatively 
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yrOJI  0O  C  IUI OCKOCTbK)  OpHeHTaUHM  CHCTeMBI  KO- 
op^HaT  jimjapa  xO z,  to  npeo6pa30BaHHeM  no- 
BOpOTa  IUIOCKOCTH  pe(J)epeHUHH  3TH  IUIOCKOCTH 
M05KH0  COBMeCTHTb.  TaKcW  MOPC,  y  KOTOpOH 
ruiocKocTb  pe(j>epeHUHM  xOz  coBnazjaeT  c  HanpaB- 
jieHHeM  O0  Ha3biBaeTCH  npHBeneHHOH .  npHBe^eH- 
Hbie  MOPC  BbipaxaioTCH  uepe3  napaMeTpbi,  He 
3aBncjmjHe  ot  cjiyqaHHhix  3HaneHHH  ®0,  BCJiefl- 
cTBue  Hero  Bee  MOPC  conocTaBHMbi. 

C  1991  r.  no  HacTonmee  BpeMH  HaMH  nojiyne- 
ho  okojio  600  MOPC  oSjiaKOB  BepxHero  apyca. 
no  3tom  Bbi6opKe  oyeHeHbi  OTHocHTejibHbie 
HaCTOTbl  3HaneHHH  SJieMeHTOB  m..  HOpMHpOBaH- 
hwx  npHBe^eHHbix  MOPC,  a  Taoce  napaMerpa 

OpHeHTHp OB3H HOCTH  %  =  (mii  +  W33 ) /(I  +  W44). 

Oh  xapaKTepH3yioeT  cieneHb  BbipaaceHHOc- 
TH  OpHeHTaHHH  HaCTHH  oGjiaKa  OTHOCHTeJIbHO 
HeKOToporo  a3HMyrajibHoro  HanpaBJieHHa  O0  h 
onpe^ejieHbi  nacTOTbi  npoHBJieHMH  Tex  hjih  hhmx 
3HaneHMM  O0. 


the  orientation  plane  *0*  of  the  lidar 
coordinates,  then  these  planes  can  be 
aligned  by  the  rotation  transformation  of 
the  reference  plane.  Such  LBSM,  which 
reference  plane  xOz  coincides  with  direc¬ 
tion  is  called  as  aligned.  The  aligned 
LBSMs  are  expressed  by  parameters 
independent  on  random  values  of  O0, 
therefore  all  LBSM  are  comparable. 

Since  1991  up  to  now,  we  have 
measured  about  600  LBSMs  of  high-level 
clouds.  This  sample  was  used  for  esti¬ 
mates  of  relative  frequencies  of  m ..  values 
of  the  normalized  aligned  LBSlVls  ele¬ 
ments,  and  also  orientation  parameter 

X  =  (^22  +  m33  )/0  +  m44 ) »  Which  descri¬ 
bes  the  evidence  degree  of  cloud  particles 
orientation  relatively  <D0,  and  sampling 
histograms  of  O0  values. 


Phc.  rHCToipaMMbi  napaMerpa  opHeHTHpoBaHHocTH  %  h  yrna  npcuMymecTBeHHOH  opnenraiuiH 
<D0  aHcaMbjieh  KpHcrajumHecKHX  Hamm  b  objiaxax  BepxHero  apyca 
Fig.  Histograms  of  directivity  parameter  %  and  prevalent  alignment  angle  O  of  crystal  particles 
ensembles  in  medium-level  clouds 


HanGojiee  BaxHbiM  pe3yjTbTaroM  HccjieaoBa- 
HHH  nOCJieAHHX  JieT  5IBHJIOCB  3KcnepHMeHTajib- 
Hoe  ^OKa3aTejn>cTBo  nacroro  npo^ranenuH  coctoh- 
HHH  OpHeHTHpOBaHHOCTH  HaCTHH  KpHCTaJUIHHeCKOtt 
o6jiaHHocrH,  o6ycjioBJieHHoro  (JjaKTopaMH,  otjihh- 
HblMH  OT  H3BeCTHOro  aSpOJUtHaMHHeCKOTO  OpH- 
eHTHpoBaHH5i  npH  na^eHHH  b  none  cmjili  raxecra. 
B  nocne^HeM  cjiynae  BepiMKanb  HBjraercfl  HanpaB- 
JieHneM,  B,ao;ib  KOToporo  npoHcxo^T  npeuMy- 
utecTBeHHoe  opueHTupoBaHne  HopMajieft  k  no- 
BepXHOCTHM  miaCTHHHaTbIX  KpHCTaJUIOB  HJIH  BOK- 
pyr  KOToporo  paBHOMepno  pacnpeflejunoTcn  och 
BbITHHyTbIX  HaCTHH.  IloCKOJIbKy  30HjmpoBaHHe 
npoH3Bojumocb  no  HanpaBjieHHio  b  3eHHT,  to, 
onHpancb  Ha  Mojiejib  MOPC  juih  aHcaM6jieii 


The  most  important  investigations 
result  obtained  during  the  last  years  is 
the  experimental  proof  of  frequent  mani¬ 
festation  of  the  crystal  particles  orien¬ 
tation  in  clouds,  caused  by  another  fac¬ 
tors  distinct  from  the  known  aerodynamic 
alignment  of  falling  particles  in  the 
gravity  field.  In  the  latter  case,  the  vertical 
direction  is  a  dirrection  along  which  there 
is  the  preferred  alignment  of  normals  of 
plate  crystals  or  around  of  which  axes 
of  prolate  particles  are  uniformly  distri¬ 
buted.  Starting  from  LBSM  model  for 
particle  ensembles,  which  orientation  is 
only  caused  by  falling,  it  would  be 
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HacTHU,  opHeHTHpoBaHHbix  TOJibKo  naaeiuteM,  possible  to  predict  zero  values  of  the  off- 
M03KH0  6buio  6bi  npeacKasaxi.  uyxeBue  3naHC-  diagonal  elements  of  LBSM  because  of 
hha  ne,waroHajibHbix  ajieMeHTOB  MOPC.  Ho,  the  vertical  sounding.  However,  more 
xax  oKa3ajiocb,  Qonze  neM  b  30%  cjiynaeB  H3-  than  30%  cases  of  LBSM  measurements 
Mepemiii  MOPC  3TH  3JieMeHTbi  oTJiHUHbi  ot  have  shown  that  these  elements  did  not 
hwm,  mto  b  paMxax  npHHHToii  MOflenn  oaHaua-  equal  to  zero.  In  the  context  of  the  given 
eT  jih6o  npeMMymecTBeHHbi»  HaxnoH  nnacTHH-  model,  it  means  the  preferred  slope  ol 
Harax  xpHcrannoB,  jih6o  opneHTaumo  oceft  bh-  plate  crystals  or  axes  orientation  ol 
THHyTUX  nacTHit.  prolate  particles. 
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B  domiade  npueodnmcn  pe3yjibmamu  KOMnbwmep-  In  the  paper  we  present  simulating  re- 

nozo  ModenupoeaHW  nojwpu3au,uomo-cneKmpaAbHbix  suits  of  polarization-spectral  properties  of 

ceoucme paduo/ioKanuoHHbix npocmpaucmeeHHO-npo-  spatially-distributed  non-stable  objects. 

mxxceHHbix  necmaiiuoHapHbtx  o6beKmoe  u  npiiMepbi  Also  we  show  modelling  examples  for 

ezo  ucno/ib3oeaHun  npu  ucaiedoeanuu  amopunwa  algorithm  investigation  of  correct  estimation 

KoppeKmuou  oujemu  nojwpiaanuoHHbix  u  Koopdunam-  of  polarization  properties  and  coordinates 

Hbtx  ceoucme  yKa3ambix  odbexmoe  of  the  objects 

I.  Bee/tenne  I.  Introduction 

IIpH  npoeKrapoBaHHH  pa^HOJioKaijHOHHOM  It  is  an  important  question  about 
cHCTeMbi  (PJIC)  c  nojiHbiM  nojmpjmuHOHHbiM  radar  potential  opportunities  in  the  case 
30HflHp0BaHHeM  (nn3)  Ba>KHbTM  HBjraeTCH  Bon-  of  radar  designing  with  full  polarization 
poc  o  noTeHUHajibHbix  bo3mo)khoctbx  PJIC.  Ob;-  sounding  (FPS).  One  of  the  main  problem 
hoh  H3  ochobhbix  npo6jieM  npH  npoeKTHpoBaHHH  is  selection  of  sounding  signal.  Estima- 
TaxoH  CHCTeMbi  HBJineTca  Bbi6op  30HBHpyioiuero  tion  accuracy  of  polarization,  coordinate 
cHmana.  Ot  3Toro  3aBHCHT  touhoctb  oueHKH  no-  and  power  characteristics  of  radar  objects 
jiHpH3aiiHOHHbix ,  KoopBHHaxHbix  h  anepreTHuec-  depends  on  the  selection.  It  was  shown 
KHX  xapaKTepHCTHK  paBHOJioKanHOHHbix  oriteK-  in  [1]  to  [3]  that  the  time  structure  of 
tob.  B  [l]-[3]  noKa3aHO,  uto  bbh  oriecneqeHHB  vector  sounding  signal  of  a  radar  with 
KoppeKTHoro  H3MepeHHB  MaTpHUbi  o6paTHoro  FPS  should  satisfy  some  requirements, 
pacceBHHB  (MOP)  BpeMeHHan  CTpyicrypa  BeK-  in  order  to  provide  a  correct  estimation  of 
TopHoro  30HBHpyiomero  cHmana  PJIC  c  11113  the  backscattering  matrix  (BSM).  These 
BOBXCHa  yBOBJieTBopHTb  HeKOTopbiM  TpeGoBaHH-  requirements  are  determined  by  time- 
hm,  KOTopbie  onpeBejiaioTCH  napaMerpaMH  nac-  frequency  correlation  parameters  of 
TOTHO-BpeMeHHOH  KoppejiBUHH  cbohctb  o6paT-  illuminated  radar  objects.  It  is  of  great 
Horo  pacceflHHB  30HBHpyeMoro  odbeicra.  flpH  importance  to  make  choice  of  complex 
3tom  6ojibiuoe  3HaueHHe  HMeeT  Bbiriop  rana  signals  type,  which  are  used  for  forming 
cjioxcHbix  opToroHaBbHbix  cHmajioB,  Ha  ocHOBe  time-frequency  structure  of  sounding 
KOTopbix  <})0pMHpyeTCfl  uacTOTHo-BpeMeHHaa  radar  signal. 

CTpyxiypa  30HBHpyiomero  cHraajia. 

B  BoiaraBe  npHBeBeHbi  pe3yjibTaTbi  pa3pa6oT-  In  the  paper  we  present  development 
kh  KOMnbioTepHOH  MOBejiH  npocTpaHCTBeHHO-  results  of  a  computational  model  of 
pacnpeBejieHHbix  HecTauHOHapHbix  o6T>eKTOB  spatially  distributed  non-stable  objects 
(IIPHO)  h  npHMepbi  ee  Hcnojib30BaHHn  npH  hc-  (SDNO)  and  examples  of  its  using  for 
cjieBOBanHH  bjihbhhb  BHaa  BeKTopHoro  CHrHajia  investigation  of  influence  of  vector  signal 


Huaiemoe  Modejiupoeanue  odpamnoeo  paccexHun  aiooiCHbix  odhenmoe 


PJ1C  c  nn3  Ha  TOHHocTb  oueHKH  MarpMHHoro  type  in  a  FPS  radar  on  accuracy  of  matrix 
cneKTpa  yxa3aHHbix  o6i»eKTOB.  spectrum  estimation  of  such  objects. 


II.  npocTpaHCTBeHHo-pacnpeaejieHHaa  itejn. 

B  OCHOBe  MO^eJlHpOBaHHH  nPHO  JieXCHT 
KOHitenuHH  jiOKajibHbix  ueHTpoB  pacceHHHK  [4], 
corJiacHO  kotopoh  none,  oTpaxceHHoe  ot  u ejm, 
(^OpMHpyeTCH  He6oJIbIUHM  HHCJIOM  JI0KaJlH30- 
BBHHblX  HCTOHHHKOB  (6jieCTfllUHX  T04eK).  Pac- 
CTOBHHe  Me)KAy  HHMH  BeJIHKO  no  CpaBHeHHK)  c 
JU1HHOM  BOjiHbi,  pa3Mepbi  xce  caMHX  TOHeK  ro- 
pa3^o  MeHbiue  ojieMeHTa  npocTpaHCTBeHHoro 
pa3penreHHa.  fljia  HCKyccTBeHHbix  npoBOAfliunx 
xeji  BKJia^t  rpex-naTH  Han6ojiee  cHJibHbix  hctoh- 
hhkob  obecneuwBaeT  o6mhho  6o;iee  90%  oTpa- 
^ceHHOH  SHeprHM.  ITpn  crpyKTypHOM  cHHTe3e 
PJIC  c  nri3  aaHHbiH  noAxoA  no3BOJiaeT  HCCBe- 
flOBaTb  norpeuiHocrb  oueHKH  napaMeTpoB  o6bck- 
Ta,  oOycjioBJieHHyK)  BbiOpaHHbiM  thiiom  30huh- 
pyromero  cum  an  a. 

HajiHune  MHoxtecTBa  oTpaxaTejieu  b  cociaBe 
pacnpeuejieHHOH  uejin,  aBHraioiUHXca  b  o6iucm 
cuyuae  He3aBHCHMO,  npHBOflHT  k  BpeMeHHbiM  h 
uacTOTHbiM  (JuiyKTyauHBM  pacceaHHoro  cHruajia. 
Taxaa  Mouejib  no3BOJiaeT  HccjieuoBaTb  cTaracTH- 
qecKue  xapaKTepHcrHKH  orpa^KeHHoro  BeicropHoro 
cnmajia  nyreM  3auaHHa  craTHCTHK  napaMeTpoB 
ajieMeHTapHbix  orpaxcaTejieH,  coBOKynHocxb  koto- 
pbix  o6pa3yer  IIPHO. 

TaKHM  o6pa30M,  ftPHO  MoxceT  6biTb  npeu- 
cTasjieH  b  BHue  coBOKyrmocTH  pa3HeceHHbix  no 
npocTpaHCTBy  3;ieMeHTapHbix  oTpaxcaTejieu.  floa 
ajieMeHTapHbiM  orpaxcaTejieM  6yaeM  noHHMaTb 
npocTpaHCTBeHHyio  HeouHOpo/tHocTb,  oOpaTHoe 
none  pacceaHHa  kotopoh  xapaKTepn3yeTca  o%- 
Hofi  «6jiecTameH»  tohkoh  &ji a  Hcnojib3yeMoro 
uuana30Ha  bojih.  npH  3tom  noaapH3aunoHHbie 
CBOMCTBa  aaeMeHrapHoro  oTpaxaieaa  MoryT 
6biTb  npou3BoabHbiMH,  a  ero  reoMerpHaecKHe 
pa3Mepbi  ropa3,ao  MeHbuie  HHTepBajia  npo- 
CTpaHCTBeHHoro  pa3peuieHHa  PJIC.  KaxUbin  3Jie- 
MeHxapHbiH  orpaxcarejib  xapaicrepH3yeTca  HaOopoM 
npocrpaHCTBeHHbix  h  noaapH3auuoHHbix  napa¬ 
MeTpoB,  Koropbie  MOiyr  H3MeHarbca  bo  BpeMeHH. 

Ilpouecc  MOueaHpoBaHHa  pacnpeueaeHHOii 
ueaH  pa36HBaeTca  Ha  pau  3TanoB: 

1.  3a^aHHe  Heo6xoaHMoro  KOJinuecTBa  ajieMeH- 
TapHbix  oTpaxaTeaen,  ctbthcthk  mx  Hauajib- 
hoto  npocTpaHCTBeHHoro  noaoxceHHa  h  na¬ 
paMeTpoB  uBHXceHHa; 

2.  3auaHHe  cTaracTHKH  noaapH3auHOHHbix  na- 
paweTpOB  saeMeHTapHbix  oTpaxcaTeaen,  H3- 
MeHeHHa  mx  bo  BpeMeun; 

3.  (JjopMHpoBaHHe  oGayuaiomero  curuaaa  c  3a#aH- 
HbiMH  cBOMCTBaMH  (bub,  MoayaauHH,  BpeMeH- 


II.  Spatially  distributed  target 

The  basis  of  SDNO  modeling  is  the 
concept  of  local  scattering  centers  [4].  The 
concept  states  that  the  scattered  filed  is 
formed  by  small  number  of  local  sources 
(bright  points).  A  distance  between  them 
is  large  in  comparison  with  wavelength 
and  size  of  points  are  much  smaller  than 
spatial  resolution  cell.  The  contribution 
of  three  to  five  most  strong  sources 
usually  gives  more  90%  of  the  scattered 
energy  for  artificial  conducting  targets. 
In  structure  synthesis  of  FPS  radar, 
such  approach  allows  to  estimate  errors 
of  a  radar  object's  parameters  caused  by 
signal  selected. 

If  there  are  many  reflectors  in  a  dis¬ 
tributed  target,  which  move  indepen¬ 
dently,  then  the  scattered  signal  fluctuates 
in  time  and  frequency.  Such  model  allows 
to  investigate  statistical  characteristics 
of  the  reflected  vector  signal  by  assigning 
parameters  statistics  for  elementary 
reflectors,  which  totality  form  a  SDNO. 

In  such  a  way,  a  distributed  radar 
object  can  be  presented  as  a  set  of  spaced 
elementary  reflectors.  When  speaking  of 
an  elementary  reflector  we  mean  a  spatial 
heterogeneity,  which  back-scattered 
field  is  characterized  by  one  «bright 
point»  in  operating  frequency  band. 
Polarization  properties  of  each  ele¬ 
mentary  reflector  can  be  arbitrary,  and 
its  geometrical  dimensions  are  much  less 
than  a  radar  resolution  cell.  Thus,  each 
reflector  is  described  by  set  of  coor¬ 
dinates  and  polarization  parameters.  In 
the  general  case,  all  reflector  parameters 
are  time-varied. 

Modeling  of  a  distributed  target 
includes  several  steps: 

1.  assignment  of  required  number  of 
elementary  reflectors,  statistics  of  their 
initial  spatial  location  and  motion 
parameters; 

2.  assignment  of  polarization  parameters 
statistics  of  the  elementary  reflectors 
and  their  temporal  changing; 

3.  generation  of  sounding  signal  with 
required  properties  (modulation,  du- 
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Han  AJTKTeJTbHOCTb,  cneKTpajibHbm  coctob,  no- 
JI5IpH3aUHOHHOe  COCTOmiHe,  MOmHOCTb  h  m); 

4.  yueT  pacnpocTpaHeHHa  3JieKTp0MarHHTH0H 
SHeprHH  H3jiyMeHHoro  cHraajia  Ha  Tpacce 
«PJIC-o6ijeKT-PJIC»>,  conpoBoxaaiomerocH  b 
o6meM  cjiynae  cjiyuaHHbiMH  H3MeHeHHflMH 
nojiapH3aiiHOHHoro,  aMnJiHTyzmoro  h  $a30- 
Boro  coctohhha  30H,ziHpyiomeH  BOJIHbi; 

5 .  (J)opMHpoBaHHe  pacceHHHoro  nojra  b  jiajibHen 
3one  Kax  a/mHTHBHOH  cyMMbi  napuwajibHbix 
nojien. 

rioao6Haa  cxeMa  Mo^ejiHpoBaHHH  6biJia  onn- 
caHa  b  [6]. 

npH  pa3pa6oTKe  Mo^ejiH  FIPHO  6buiH  mc- 
nojib30BaHbi  opHrHHajibHbie  nojtxojibi  k  yueTy 
HejiHHeMHoro  ^BH»:eHHa  oTpaxaTejieH,  no3BOJin- 
lomwe  MoziejiMpoBarb  «BnxpeBbie»  o6pa30BaHHa. 

B  KaqecTBe  BeKTopHbix  30HjmpyK>mHx  cwr- 
HanoB  Bbi6paHbi  B3a  Tuna  cwrHajioB.  OpioroHajib- 
Hbie  KOMITOHeHTbl  3TMX  CHrH3JIOB  C(J)OpMHpOBa- 
Hbi  c  Hcnojib30BaHHeM  jx Byx  pa3HHHHbix  nap 
opToroHajibHbix  cHrHajioB:  JlHM-curHajibi  co 
BCTpeHHblMM  JIHHeHHbIMH  3aKOHaMH  MOJtyjIflHHH 
^acTOTbi  h  OKM-cnrHajibi  c  Marion  B3aHMHOH 
KoppeJiHUHefi,  cooTBeTCTBeHHO.  IlapaMeTpaMH 
MOfleJIHpOBaHHH  BBJI5HOTCH  HecymaH  HaCTOTa 

cnrHajioB,  hx  .miHTejibHOCTb  h  6a3a.  <I>KM  cnr- 
Hajibi  reHepHpyiOTCH  Ha  ochobc  opToroHajibHbix 
w-nocjieaoBaTejibHocTeM. 

Otkjihk  cHCTeMbi  jsj m  omejibHoro  aneweH- 
TapHoro  OTpascaTejiB  <J)opMHpoBajicfl  xax  pe3yjib- 
TaT  MaTpHHHOH  CBepTKH  BHJia 


ration,  spectral  distribution,  polari¬ 
zation  state,  power,  etc.); 

4.  taking  into  account  effects  of  soun¬ 
ding  signal  propagation  along  the 
«Radar-Object-Radar»  path,  inclu¬ 
ding  random  fluctuations  of  polari¬ 
zation,  amplitude  and  phase  of  the 
electromagnetic  waveac 

5.  forming  scattered  field  in  the  far- 
field  zone  as  an  additive  sum  of 
partial  fields. 

The  similar  simulation  scheme  was 
described  in  [6]. 

While  developing  the  SDNO  model  we 
used  original  approaches  to  analysis  of 
non-linear  movement  of  reflectors,  which 
allow  to  simulates  «whirl»  formations. 

Two  signal  types  have  been  chosen  as 
vector  sounding  signals.  Orthogonal 
components  of  the  signals  are  formed 
with  using  such  pairs  of  orthogonal 
signals  as  LFM-signals  with  up-going  and 
down-going  modulation  laws  and  phase- 
shift  keying  (PSK)  signals  with  low  cross 
correlation.  The  simulation  parameters  are 
carrying  frequency  of  the  signals,  their 
duration  and  bandwidth-duration  product. 
PSK  signals  are  generated  with  the  use 
of  orthogonal  M-sequences. 

The  system  responce  for  a  separate 
elementary  reflector  was  formed  as  the 
matrix  convolution 


J  =  U(0®£p(«,U(/-t() 

;=0 


J,  i  (/,ro)  Jl2(t,  to) 

J21(/,CO)  j22(t,  CD) 


=>S, 


(1) 


me  U(0  “  30HjtHpyiontHH  BeicropHbiH  curaaji, 
P  -  MaTpHHHbiH  onepaTOp,  onpejtejmiomHH  co6- 
cTBeHHbiH  nojiapH3aitHOHHbiH  6a3HC  oxpaxaTe- 
JTfl  OTHOCHTeJtbHO  6a3HCa  PJIC  H  3aBHCHmHH  B 
o6meM  cnyuae  ot  BpeMeHH  t,  N  —  hhcjio  OTpa- 
jxaTejieH  MojiejiH,  a.  —  SHepreTHnecKHM  napa- 
Meip,  a  t.,  co^.  -  KoopztHHaTHbie  napaMeTpbi  ot- 
pa^caTenH.  Sy  —  oneHKa  ajieMeHTOB  hcthhhoh 
MaTpHUbi  o6paTHoro  pacceaHHH  S. 


where  U (t)  is  sounding  vector  signal,  P 
is  matrix  operator  determining  eigen 
polarization  basis  of  a  reflector  relative 
to  the  radar  basis  and  generally  depen¬ 
ding  on  time  f,  N  is  a  number  of  the 
model's  reflectors,  a.  is  power  factor, 
and  t.,  o)Dj  are  coordinate  parameters  of 
the  i-th  reflector.  Sy  is  the  estimate  of 
true  backscattering  matrix  S. 


HI.  Pe3yjibTaTbi 


III.  Results 


Pe3yjibTaTbi  MojtejiHpoBaHHH  npHBe^eHbi  Ha 
pnc.  1-4.  Hapnc.  1  noxa3aHbi  HCTHHHbie  uacTOT- 
Hbie  cneKTpbi  3jieMeHTOB  MOP  pacnpetteneH- 
hoh  (fjjiyKTyHpyiomeH  uejrn  (cBeuibie  jihhhh)  b 
tJjHKCupoBaHHOM  crpo6e  ztajibHOCTH  h  cneKTpbi 
OneHOK  3THX  SJieMeHTOB  (TeMHbie  jihhhh)  npH 


Modelling  results  are  shown  in  Fig.  1 
to  4.  Figure  1  shows  true  frequency  spectra 
of  BSM's  elements  of  spatially-distributed 
non-stable  target  (light  lines)  in  a  fixed 
range  resolution  cell  and  estimation 
spectra  (light  lines)  for  LFM  sounding 
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Hcnojib30BaHHH  JIMM.  PacnpeuejieHHaa  no  4  cipo-  signals  case.  A  target  spatially  distributed 
6aM  uajibHocra  ue/ib  oGjiyuajiacb  HMnyjibCHbiM  in  4  range  cells  was  sounded  by  LFM  pulse 
JIHM  cnrHajioM  ,zyiHTejibHocTbio  300  mc  c  Hecy-  signal  with  pulse  duration  T=300  ms, 
meft  HacToroH  10  Hu  h  6a3on  8192.  Cneicip  cko-  carrier  frequency  10  GHz,  and  A f  T=  8192. 
pocTen  ajieMeHTapHbix  oTpaxaTeJien  6bui  Bbi6-  Velocity  spectrum  of  elementary  reflectors 
paH  xapaicrepHbiM  jajin  Mopcxofl  noBepxHocTH  no  was  chosen  similar  to  sea  scattering  data 
aaHHbiM  [5].  Cnmajibi,  npHHHTbie  PJIC,  o6pa6a-  given  in  [5].  Received  radar  signals  were 
TbiBajmcb  cooTBeTCTByiomHMH  corjiacoBaHHbiMH  processed  by  corresponding  matched 
<J)HJibTpaMH.  3aTeM,  b  ouhom  (f)HKcnpoBaHHOM  filters.  Then,  the  estimation  errors  were 
CTpofie  aajibHocTH  paccuHTbiBajiHCb  ouihSkm  calculated  in  a  specific  range  cell.  The 
oueHKH.  BejiHHHHa  omnfioK,  B03HHKaK>iuMX  b  jooh-  errors  value  is  shown  in  Fig  3a  for  this 
Hoft  cHTyauHH,  noKa3aHa  Ha  pnc.  3, a.  Ouih6kh  situation.  The  errors  were  found  as 
onpeAejuumcb  xax  HOpMHpoBaHHa^  pa3HOCTb  eB-  normalized  difference  of  Euclidean 
KJiHflOBbix  HopM  cnexipoB  hcthhhoh  h  H3MepeH-  norms  of  true  and  measured  matrices 
Hofl  MaTpnu  spectra 


flpyrHMH  cjioBaMH,  3Ta  BejiHUHHa  noKa3brea-  In  other  words,  this  value  corres- 
eTOHUifiKy  H3MepeHHH  nojiHOH  3TIP  uejm.  IIoji-  ponds  to  measurement  error  of  full 
Han  311 P  uejiH  hejibctcb  ouhhm  H3  caMbix  hh-  target's  RCS.  The  full  RCS  is  the  most 
<j>opMaTHBHbix  napaMeipoB,  nosroMy  ouinfixa  ee  informative  parameter,  so  the  error  of 
onpe^ejieHHH  woxceT  aiyxcHTb  ofibeKTMBHoft  xa-  its  estimation  may  be  considered  as  as 
paicrepHCTHKofi  xauecTBa  Hcnojib30BaHHH  pa3-  an  objective  characteristic  in  evaluation 
jiHHHbix  ciirHajioB.  of  different  signals. 


Popplar  Frequency,  Hz  Doppler  Frequency,  Hz 


Phc.  1.  CneKTpbi  oTpaxeHHH  h  hx  oueHKa  pacnpeuejieHHoft  uejiH  b  (JxHKCHpoBaHHOM  crpo6e 
flajibHocTH  npH  npHMeHeHHH  JIHM  curHarroB.  TeMHaa  jthhhb  -  oueHKa  cneKTpa,  6ojiee 
CBeTJian  jihhhh  -  peajibHbifi  cneicrp 

Fig.  1.  Spectra  and  their  estimates  of  LFM-signals  reflected  from  distributed  target  in  a  range  cell: 
dark  and  more  light  lines  present  spectrum  estimate  and  true  spectrum,  correspondingly 


Phc.  2h  3,6onHCbiBaioTTy>KecHTyauHio,  ho  Figure  2  and  3b  show  the  same 
c  npHMeHeHHeM  cnrHajia  c  OKM.  3uecb  ouih6-  situation  for  the  case  of  PSK  signal.  It  is 
kh  cymecTBeHHo  MeHbiue,  ohh  o6yc;ioB;ieHbi  seen  that  errors  are  essentially  less,  they 


Modelling  Results  of  Complex  Objects  Backscattering 


HecoBepmeHHOM  pa3BH3KOM  Meray  opToroHajib-  are  caused  by  imperfect  isolation  between 
hbimh  cnrHajiaMH.  orthogonal  signals. 
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Phc.  2.  CneKTpbi  oTpaxceHHH  h  hx  oueHKa  zpia  pacnpeneJieHHOH  ueJiH  b  (JmKCHpoBaHHOM  crpobe 
aa^bHOCTH  npH  npMMeHeHHH  OKM  CHraajioB.  TeMHaa  jikhhh  -  oueHKa  cneKTpa,  6ojree 
CBeuiaH  jihhhh  —  peajibHbiu  cneKTp 

Fig.  2.  Spectra  and  their  estimates  of  PCM-signals  reflected  from  distributed  target  in  a  range  cell: 
dark  and  more  light  lines  present  spectrum  estimate  and  real  spectrum,  correspondingly 


Phc.  3.  Oihh6kh  onpeae/ieHHJi  aHeprenreecKoro  napaMeTpa  npu  ncno/ib30BaHHH  JIHM 
(a)  h  OKM  (b)  curaajioB  (zumre/ibHocrb  cumajia  t=300  ms) 

Fig.  3.  Determination  errors  of  energetical  parameter  under  using  LFM  (a)  and  PCM  (b) 
signals  (signal  duration  t~300  ms) 


npH  aHanH3e  pe3yjibTaTOB  npHMeHeHHH  pa3- 
jiHHHbix  CHrHajioB  oKa3ajiocb,  mo  jjjm  cHrHajioB 
c  JIMM  cymecTByeT  pm  npHHimnHajibHbix  or- 
paHHHeHMft.  B  to  xte  BpeMH  npH  HCT10JIb30BaHHH 
OKM  cHTHanoB  T3KHX  orpaHMueHHH  Her.  Oihh6kh, 


The  analysis  of  different  signals 
application  has  revealed  some  principal 
restrictions  for  LFM  signals.  At  the  same 
time,  the  use  of  PSK  signals  does  not 
lead  to  such  restrictions.  The  errors, 
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B03HHKaiOmHe  npH  HCn0JIb30BaHHH  JIHM  cnr~ 
HaJlOB,  oOyCJIOBJieHbl  HO>KeBH^HOM  (fcopMOH  HX 
4>yHKHHH  Heonpe^ejieHHocTH,  Koropaa  pa3JiH4- 
Ha  y  cHmajioB  co  BcrpeHHbiMH  3aKOHaMH  H3Me- 
HeHHfl  MacTOTbi  (pHc.  4).  M3-3a  Toro,  irro  c[)yHK- 
UH a  Heonpe^ejieHHocTH  JIHM  cnrHajioB  HMeer 
BbITHHyTyK)  <f)OpMy  B  43CT0TH 0- BpeM eH HOH  06- 
jiacTH,  orpaxeHMR  ot  6bicTpo  jtBiCKymHxcfl  ue- 
jieft  «nepeTeKaioT»  b  coce^Hwe  CTpo6bi  ^ajibHo- 
CTH.  3T0  06cT0HTeJlbCTB0  BetfeT  K  OHIHSKaM 
oueHKH  MaTpHUbi  o6paTHoro  paccenHHH  pacripe- 
ZtejieHHOH  uejiH. 


which  arise  under  using  LFM  signals, 
are  determined  by  knife-edge  ambiguity 
function  (AF).  This  function  differs  for 
signals  with  up-  and  down-going  fre¬ 
quency  laws  (Fig.  1).  Because  of  that  the 
ambiguity  function  of  LFM  signals  has 
strongly  extended  form  in  time-and- 
frequency  area,  reflections  from  fast- 
moving  targets  «spill  over»  to  the  next 
range  cells.  This  fact  leads  to  errors  in 
BSM  estimation  of  distributed  targets. 


a)  b) 

Phc.  4.  OyHKUHH  HeonpeaeJieHHOcTH  JIHM  cumanoB:  a)  HapacxaiomHH  33koh 
MOflyiwmiH  nacTOThi,  b)  cna^aiomnu  33Koh  Mo/iyjrauHH  nacTorbi 
Fig.  4.  Ambiguity  functions  of  LFM-signals:  a)  up-going  frequency  modulation, 
b)  down-going  frequency  modulation 
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Phc.  5.  Ouih6kh  onpeaejreHHH  3HepreTHHecKoro  napaMeTpa  npH  HcnojiK30BaHHH  JIHM 
(a)  h  <bKM  (b)  CHruajioB  (zuinTejibHocrb  cumajia  t=l65  ms) 

Fig.  5.  Determination  errors  of  energetical  parameter  under  using  LFM  (a)  and  PCM  (b) 
signals  (signal  duration  t=165  ms) 
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KoHeqHo,  juiHTejibHocTh  HMnyjibca  300  mc 
oneHb  fioabuiaa  no  cpasHeHHio  c  HHTcpBaJiOM 
KoppejiauHH  cneicrpa  cnruajia,  ho  h  npH  ajih- 
TeJIbHOCTH  165  MKC  npH  aaHHOH  MeTOOTKe  06- 
pa60TKH  01IIH6kH  npH  npHMCHeHHH  JIMM  CHr- 
Hana  HMeioT  HeaonycTHMyio  BeJiHHHHy. 

3amnoqeHHe 

OopMa  4>yhicuhh  Heonpe^ejieHHOCTH  JIMM 
cwrHajia  He  ri03B0jmeT  npoH3BonHTb  o,nH03Ha4- 
Hyio  oueHKy  cKopocrw  h  ^ibHocTH  orpaxaio- 
mero  ToneqHoro  ofibeicra  no  ozmoMy  H3MepeHHio. 
YcTpaHeHHe  yKa3aHH0H  HeonpeaejieHHOCTH  b 
oueHKe  cKopocm  h  AajibHocTH  o6beicra  ocyine- 
cTBJiaeTCH  nyTeM  Hcnojib30BaHHH  HecKonbKHX 
H3MepeHHH  (na4KH  HMnyjibcoB  waJiyueHHH).  IlpH 
3TOM  aHajiH3HpyeTca  zuiHaMHKa  cMemeHHa  ot- 
kjihkob  comacoBaHHoro  <J)itJibTpa  no  BpeMeHH 
npHXOZia  OTHOCHTeJlbHO  MOMeHTa  H3JiyMeHHH,  H 
no  pe3yjibTaTaM  ananH3a  npoH3BozmTca  oueHKa 
CKOpocra  o6beKTa.  IIojiyueHHafl  oueHKa  CKopo- 
cth  no3BoaaeT  cKoppeKTHpoBaTb  oueHKy  mjib- 
hocth  nyreM  BBeaeHHfl  cooTBeTCTByiomHX  no- 
npaBOK.  HMeHHO  npH  BbICOKHX  CKOpOCTHX 
o6beKTa  B03MOXCHO  flOCTaTOUHO  6bICTpOe  (no 
HeCKOJIbKHM  H3MepeHHHM)  oueHHBaHne  cKopo- 
cth  o6beicra.  flna  Me/uieHHo  aBHacymHxcH  o6beK- 
TOB  oueHKa  CKOPOCTH  3aHHMaeT  MHOrO  BpeMe¬ 
HH  (Heo6xOAHMO  6ojlblIiOe  4HCJIO  30HAHpyK>lUHX 
HMnyjibcoB). 

IlpH  H3JIH4HH  b  3JieMeHTC  pa3peineHHH  PJIC 

fiOJIbUIOrO  KOJIH4eCTBa  He3aBHCHM0  ABtDKyiUHXCH 
oTpaxaTejieft  Hcnojib3osaHHe  OTM  cnrHajioB 
HJifl  KoppeKTHoft  oueHKH  MOP  3JieMeHTa  pa3- 
peineHHa  bo3moxcho  tojimco  b  cjiyuae,  Koraa 
cneicrp  aoruiepoBCKHx  4acTOT  3thx  OTpaxaTe- 
Jieft  He  npeBbimaer  uiHpHHy  (JjyHKUHH  Heonpe- 
aejieHHocTH  JIHM  cnmajia  no  och  nacroT.  Flpn 
3tom  HHTepBaji  KoppejiauHH  napaMeTpoB  o6paT- 
Horo  pacceflHHH  npocTpaHCTBeHHO-pacnpeae- 
jieHHoro  o6beicra,  o6pa30BaHHoro  coBOKyimoc- 
Tbio  3JieMeHTapHbix  UBHacyiunxca  OTpaacaTejieft, 
cpaBHHM  c  fljiHTejibHocTbio  onifiaiomeH  JTMM 
opToroHajibHbix  cnraanoB. 


Certainly,  pulse  duration  of  300  ms  is 
a  large  value  in  comparison  with  corre¬ 
lation  interval  of  the  scattered  signal.  But 
even  for  165  ps  duration  of  LFM  pulse 
signal,  the  errors  calculated  by  the 
technique  above  are  too  inadequate. 

Conclusion 

The  form  of  ambiguity  function  of 
LFM-signals  does  not  allow  to  unambi¬ 
guously  estimate  velocity  and  range  of  a 
point  object  by  only  one  measurement.  To 
to  control  this  uncertainty,  it  is  neces¬ 
sary  to  use  several  measurements  with 
radiating  pulse  burst.  In  this  case,  changes 
of  matching  filter  responces  in  arrival 
time  relatively  to  radiation  instant  are 
analyzed.  The  object's  velocity  is  deter¬ 
mined  by  the  analysis  results.  The  velocity 
estimation  obtained  allows  to  correct 
range  estimate  uith  using  specific 
corrections.  A  rather  rapid  estimating 
(with  several  measurements)  the  object's 
velocity  is  possible  only  for  fast  moving 
objects.  As  for  slow  moving  objects,  the 
velocity  estimation  takes  much  more 
time  because  of  need  to  radiate  a  large 
number  of  sounding  pulses. 


If  there  are  a  lot  of  independently 
moving  reflectors  in  a  radar  resolution 
cell,  the  use  of  LFM-signals  for  correct 
estimation  of  BSM  becomes  possible 
when  Doppler  spectra  width  of  the 
reflectors  does  not  exceed  the  width  of 
the  LFM-signal  ambiguity  function  along 
frequency  axis.  In  this  case,  correlation 
interval  of  the  backscattering  parameters 
of  a  SDNO,  which  consists  of  moving 
elementary  reflectors,  approaches  dura¬ 
tion  of  the  LFM  orthogonal  signals' 
envelope. 
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Results  of  experimental  investigations  of 
polarization  structure  of  X-band  scanning 
radar  radiation  are  given  in  the  paper  for 
open  path  1  km  long 


B  3KcnepHMeHTajibHbix  HccjieaoBaHHax  hc- 
nOJIb30BaJICH  HCTOHHHK  HMUyjIbCHOro  H3Jiyqe- 
hhh  TpexcaHTHMeTpoBoro  4Hana30Ha  Ha  6a3e 
PJIC  PIIK-1.  AHTeHHaa  CHcreMa,  cocToamaa  H3 
napabojinnecKoro  aepxajia,  rHnep6ojnmecKoro 
3epxajia,  ofijiynaTejw  h  cremioncaHeBoro  KOJinaxa, 
HMeeT  AnarpaMMy  HanpaBJieHHOcTH  b  BHjie  y3- 
Koro  CHrapoo6pa3Horo  Jiyna  iiihphhoh  1,9°  Ha 
ypoBHe  3  ,aE.  Ocb  anarpaMMbi  HanpaBJieHHOcTH 
oncjioHeHa  ot  reoMeTpHHecKOH  och  aHTeHHbi. 
3to  OTioioHeHHe  onpe^ejifleTCH  nojioxeHHeM 
ofijiynarejia  (cmcpbiTbiH  KOHeu  BOJiHOBojia)  ot- 
HOCHTejibHo  och  napa6ojiOHaa.  H3JiynaaHCb  cnr- 
Hajibi  BepTHKajibHOH  jih6o  ropH30HTajibHon  no- 
JiapH3aUHH,  HTO  ^OCTHrajIOCb  H3MeHeHHeM 
opHeHTauHH  ofijiynaTejra. 

riojiflpH3auHOHHaa  pa3BH3Ka  aHTeHHbi  PJIC 
H3Mepajiacb  npH  ee  paboTe  Ha  npneM  c  noMo- 
mbio  BbiHocHoro  KajiH6paTopa,  H3jiyHaiomero 
CHTHaji  BepTHKajibHOH  nojiflpH3aimH,  nyreM  jmc- 
KpeTHoro  H3MeHeHHs  nojio)KeHHfl  o6jiyHaTejia. 
ypoBeHb  Kpocc-KOMnoHeHTa  cocraBRn  -18  jtE. 

CrpyicrypHaa  cxeMa  H3MepHTejibHOH  ycra- 
hobkh  npejicTaBJieHa  Ha  pnc.  1. 

npHeMHaa  ycTaHOBKa  HMeeT  nerbipe  Bxoaa, 
K  KOTOpbIM  OTpe3K3MH  KafieJieH  nOJBCJIIOHaJIHCb 
Bbixojrbi  nojiHpH3aiiHOHHbix  pacmenHTejien  xiByx 
H3  neTbipex  aHTeHH,  ycTanoBJieHHbix  Ha  naHejiH. 
AHTeHHbi  pacnojioaceHbi  Ha  ocax  aeKapTOBOH 
CHCTeMM  KOOpJXHHaT  C  pa3HOCOM  1,6;  4  jih6o  10X. 


A  source  of  pulse  radiation  on  the 
base  of  radar  system  «RPK-1»  (A=3  cm) 
was  used  in  the  experiments.  Antenna 
system  consisted  of  a  parabolic  reflector, 
hyperbolic  reflector,  irradiator,  and  glass- 
fiber  radome.  The  antenna  has  pencil-like 
pattern  with  beamwidth  of  1,9°  at  -3  dB 
level.  The  antenna  pattern  axis  is  deflected 
from  the  antenna  geometrical  axis.  This 
deflection  is  determined  by  position  of 
the  irradiator  (waveguide  aperture)  with 
the  respect  to  the  paraboloid  axis.  The 
radiated  signals  have  vertical  or  horizon¬ 
tal  polarization  depending  on  the  irradi¬ 
ator  orientation. 

Polarization  isolation  of  the  radar 
antenna  was  measured  by  outward 
calibrator  radiating  vertically  polarized 
signal  and  discrete  changing  the  radiator 
orientation.  The  cross-polarized  compo¬ 
nent  level  was  -18  dB. 

Figure  1  shows  block-diagram  of  the 
measuring  installation. 

The  receiver  has  four  inputs,  which 
were  attached  (by  cable  sections)  to 
polarization  splitters  of  two  of  four 
antennas  mounted  on  board  (Fig.  2). 
Antennas  were  adjusted  with  Cartesian 
coordinates  with  space  diversity  of  1,6, 
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(cm.  pHC.  2).  KaagoiaH  aHreHHa  npencraBjraer  co6om  4  or  10 A,  (Fig. 2).  Each  antenna  was  round 
oTKpbiTbiM  KOHeu  Kpyrjioro  BOJiHOBona,  coe£HHeH-  waveguide  aperture  connected  with  the 
Horo  c  noJiflpH3anMOHHbiM  pacmenuTejieM.  polarization  splitter. 


Synchro 

80  Mil*  2  kliz 


Phc.  1.  CTpyicrypH an  cxeMa  npueMHOH  ycTauoBKM  («1»  “  6jiok  CBM,  «2»  —  Ojiok 

IIM,  M  -  cMecHTCJib,  G{  -  CBM  reTepo^HH,  G2  -  onopHbiii  reTepomm,  IFC 
-  /.’bift  nM  KaHaji,  Synchro  -  cucTewa  CHHxpoHH3auHH,  Control  -  cxeMa 
ynpaBJieHHfl,  IFC  Att  -  ynpaBJieHHe  arreHioaTopMH  nM  KaHanoB,  PC  -  3BM) 
Fig.  1.  Block  diagram  of  receiver:  microwave  unit  (1),  IF  unit  (2),  mixer  (M),  microwave 
oscillator  (Gt),  reference  oscillator  (G2),  IF  channel  (IFC),  timinf  signals 
(Synchro),  control  system  (Control),  IFC  attenuators  control  (IFC  Att),  perconal 
computer  (PC) 


B  KaataoM  M3  ueTbipex  npneMHbix  KaHanoB 
cnmajibi  pa3JiaraiOTca  Ha  KBa^parypHbie  cocraB- 
jimomne  oTHOCHTejibHO  onopHoro  reTepo^HHa. 
nojiyueHHbie  BimeoHMnyjibCbi,  HOMHHajibHaa 
JQUIHTeJIbHOCTb  KOTOpbIX  COCTaBJIfleT  0,3  MKC, 
oumJjpoBbiBaioTCH  c  TaKTOM  80  Mru  h  3anHCbi- 
BaioTCfl  b  naMHTb  3BM.  Flo  xaayioMy  npHmrro- 
My  HMnyjibcy  npon3BoaHTcn  He  MeHee  25-30 
H3MepeHHH. 

npH  o6pa6oTKe  b  xaayibift  momcht  BpeMeHH 
no  KBanparypHbiM  cocTaBJiHiomuM  BoccTaHaB- 
jiHBaeTcn  aMnnnTyaa  h  4>a3a  cHraana  b  xaxcnoM 
H3  KaHanoB: 


Signals  in  each  of  four  channels 
were  split  into  quadratures  relatively  to 
reference  oscillator.  The  obtained  video¬ 
pulses  with  0,3  ps  rated  duration  were 
digitalized  with  clock  frequency  of  80 
MHz  and  recorded  to  PC  memory.  Not 
less  than  25-30  measurements  were  done 
for  each  pulse. 

Amplitude  and  phase  of  the  signals 
in  each  channel  were  restored  at  every 
instant  using  the  quadrature  components 


j(rf)  =  ^(/()cos[co^  -v|/(/,)]. 


vj/(f,)  =  arctg 


S(t,) 

cay 


(1) 


me  5X0,  C(0  “  cHHycHan  u  KocHHycHan  KBart- 
paTypHbie  cocraBjraioinHe. 

fljm  HccjieAOBaHHH  6bui  BbiSpaH  panoH  b  oxpe- 
cthocthx  paaHOTexHHuecKoro  Kopnyca  TYCYP 
(pnc.  3),  pacncuioaceHHoro  Ha  bmcokom  (npaBOM) 
6epery  p.  ToMb .  Tpacca  HMeex  yroui  HaxjioHa  k  3ew- 
hoh  noBepxHocm  2,96°  h  nparaxeHHocrb  r=  1064,2  m 
(pwc.  4).  ripweMHan  ycraHOBKa  pacnojiarajiacb  Ha 
bhcokom  npaBOM  6epery  peioi  («DF»  Ha  pnc.  3). 


where  £(/),  C(t)  are  /-  and  quadra¬ 
tures. 

The  experiments  area  was  chosen  on 
the  steep  (right)  shore  of  Tom  river 
near  the  Radioengineering  building  of 
TUCSR  (Fig.  3).  The  path  of  1064,2  m 
long  has  2,96°  elevation  angle  (Fig.  4). 
The  receiver  was  installed  on  the  right 
shore  of  Tom  river,  and  the  radar  location 
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PJIC  6buia  pa3MemeHa  Ha  HH3K0M  JieBOM  6epery  was  on  the  lower  flat  country, 
p.  ToMb  Ha  paBHHHHOH  MeCTHOCTH. 


Phc.  2.  AHTeHHaa  naHejib  c  noJiapHMeTpMHecKHMH 
aHTCHHaMH 

Fig.  2.  Antenna  board  with  polarimetric  antennas 


Phc.  3.  Bn#  c  ito3Huhh  PJIC  Ha  npHeMHWH  nyHKT 

Fig.  3.  View  of  receiving  point  (^direction  finders  (DF))  from  location  of  radar  system 


Ha  no3HUHH  npHeMHOH  ycTaHOBKH  b  nepe- 
jouieH  nonyc4)epe  b  pa^nyce  3  m  OTcyrcTBOBajiH 
aeTajm  KOHcrpyKUHH,  MecrHbie  npe^era  h  non- 
cmnaiomaa  noBepXHoern  rio3HUna  pacnojiara- 
jiacb  Ha  oSpbiBHCTOM  6epery  co  ckjiohom  30°. 
BbicoTa  aHTeHH  Ha^  3eMjien  cocTaBJiHJia  5,05  m. 
H3MepeHHH  npoBormaHCb  b  nepHoa  c  29.09.03  no 
5.10.03  aBa  pa3a  b  cyncH  UHKnaMH  no  Tpn  uaca. 
KaMbiw  uhkji  co^ep>KHT  pm  OT^ejibHbix  ceaH- 
cob.  CeaHCbi  BbinoJiHHJiHCb  ana  KOHKpeTHoro 
nojioaceHHK  aHTeHHbi  PJIC  OTHOcnrejibHO  ropH- 
30HTa;  aJia  KOHKpeTHoro  pexcHMa  opHeHTatmn 
fl HA  PJIC  B  rOpH30HTaJIbHOH  nJIOCKOCTH  (HaBe- 
aeHHe  Ha  npneMHbiH  nyHKT  hjih  HenpepbiBHoe 
CKaHHpoBaHne  no  a3HMyry);  aJia  paannHHbix  no- 
jiapH3auHfl  HanyqeHHoro  cnmajia. 


At  the  receiving  site  there  were  no 
structure  parts,  any  local  objects  and 
background  within  3  m  radius  hemisphere. 
The  site  was  on  the  steep  shore  with  30° 
slope.  The  antennas  height  above  ground 
surface  was  5,05  m.  The  measurements 
were  done  twice  a  day  (three  hours  cycle) 
since  September  29  till  October  5,  2003. 
Each  cycle  consisted  of  several  sessions. 
Every  session  was  performed  with  spe¬ 
cific  elevation  and  azimuth  angles  of  the 
antenna  pattern,  in  fixed  azimuth  and 
azimuth  scanning  modes,  and  with  diffe¬ 
rent  polarizations  of  transmitted  signal. 
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Phc.  4.  npocJ)HJib  Tpaccbi 
Fig.  4.  The  path’s  profile 


MMeeTca  pAA  cnocoSoB  onncaHUA  coctoa- 

HHfl  riOJIHpM3aUHH  MOHOXpOMaTHHCCKOM  BOAHbK 
Hcnonb30BaHHe  3AAnnca  nojiapH3auHH,  napaMeT- 
poB  CTOKca,  c^epbi  IlyaHKape  [1-3].  npeAcraB- 
jieHHe  BeKTopa  sAeicrpHnecKoro  noAfl  b  bhao 
npoeKUHH  Ha  opToroHajibHbie  och  AeKapTOBOH 
cHCTeMbi  KoopAHHar  BBJiHercji  AocTaTouHbiM, 
moSbi  nepeHTM  ot  Hero  k  AiofioMy  H3  nepeunc- 
AeHHbix  cnocoSoB  onncaHHH  coctohhhh  iiojih- 
pH3aUHH.  fljlH  3TOH  UeJIH  HCnOAb3yeTCH  nOA5J- 
pH3aUHOHHOe  OTHOHieHHe 


B  ashhom  pa6ore  noA  noAflpH3auHOHHbiM 
oTHOiueHHeM  noHHMaercH  oTHomeHMe  ropH30H- 
TaJIbHOM  H  BepTMKaJIbHOM  COCTaBAAIOmKX  nojlfl. 
Oaaa  nojiapH3auHOHHoro  oTHomeHHA  paBHa  pa3- 
hocth  4>a3  MeacAy  ropH30HTajibHOM  h  BepTHKaAb- 
HOM  COCTaBJIfllOIAMMH. 

Oco6eHHocTbio  cHiyauuM  HBJmeTca  HMnyAbc- 
HbiM  xapaicrep  cwmanoB.  YureM,  hto  nepeABBaeMbie 
cHmaabi  y3KonoAOCHbie,  Ta k  uto  Ha  npneMHOM 
KOHue  Tpaccbi  Ha  BbixoAe  nojiflpH3aijHOHHbix  pac- 
menHTejieH  cHmajibi  moacho  npeAcraBHTb  b  BMAe 


There  are  such  different  ways  to 
describe  the  polarization  state  of  mono¬ 
chromatic  EM  wave  as  polarization 
ellipse,  Stokes  parameters,  Poincare 
sphere  [1-3].  It  is  sufficient  to  present 
an  electric  field  vector  by  the  Cartesian 
projections  in  order  to  use  any  of  the 
mentioned  techniques.  Toward  this  end 
the  polarization  ratio  is  used 


In  the  paper  we  mean  the 
polarization  ratio  as  ratio  of  the  horizon¬ 
tal  and  vertical  field  components.  The 
polarization  ratio  phase  is  the  phase 
difference  between  the  horizontal  and 
vertical  components. 

The  peculiarity  of  our  case  is  pulse 
nature  of  the  signals.  Since  the  transmitted 
signals  are  narrow-band,  the  signals  at  the 
polarization  splitter  outputs  of  the  recei¬ 
ving  channel  are  written  as 


sx  (f )  =  A,  (0  cos  (co0t  +  i?x  (t )) ,  sy  (0  =  Ay  (t )  cos  (co0r  +  <?y  (0)  • 

TorAa  noA5jpH3anwoHHoe  OTHOHieHHe  The  the  polarization  ratio  takes  the  form 


K(0  _  4X0  J>,<0-9,(0] 


(2) 


MoAy.ni>  3Toro  OTHomeHHA  p(t)  =  Ax(t) / Ay(t)  h 
ero  4>a3a  ®(0  =  Wx(0  “9^(0  3aBHCHT  ot  Bpe- 
MeHH. 

B03MO)KHOCTb  npeACTaBAeHHfl  nOAHpH3aUH- 
oHHoro  oTHOineHHn  KaK  cf)yHKUHH  BpeMeHH  npe- 
AycwaTpHBaeTCH  b  MOHorpa(])HH  [3].  Oahbko,  3K- 
cnepHMeHTaAbHbie  AaHHbie  06  H3MeHeHHH  noAA- 
pH3auHH  MMnyAbCHbix  cHmanoB  b  TeneHHe  hx 
AUHTeAbHocm  b  H3BecTHOM  Haw  AHTepaType  OT- 
CyTCTByiOT. 


The  modulus  of  p{t)~  Ax{t)l Ay(t)  ratio 
and  its  phase  0(0  =  <P*(0“<P,(0  are 
time  dependent. 

The  authors  of  [3]  considered  a  pos¬ 
sibility  of  presenting  the  polarization  ratio 
as  temporal  function.  However,  there  are 
no  experimental  data  on  polarization 
variation  within  pulse  signals  duration  in 
the  literature. 
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Phc.  5  TioKa3biBaeT  pacnpe^ejiSHHe  no  Tpacce 
ynacTKOB  mccthoctm,  HanSojiee  cnJibHo  bjihhio- 
mnx  Ha  npHHHMaeMbie  cnmaubi.  Kax  bhuho,  Han- 
6ojree  cHJibHo  BJinneT  MecmocTb  b6jih3h  nepe- 
AaiMHKa  h  b6jim3H  npHeMHMKa.  KpyroH  6eper 
Tomh,  Ha  kotopom  pa3Memaaacb  npHCMHaa  yc- 
TaHOBKa,  paccenBaeT  cnmajibi,  h  uacTb  H3  hhx 
nonaaaet  Ha  bxo r  npneMHbix  aHTeHH. 


Figure  5  shows  distribution  of  the 
locality  areas  along  the  path,  which  mostly 
influence  the  received  signals.  It  is  evident 
that  zones  near  the  transmitter  and  recei¬ 
ver  have  the  most  influence.  The  steep 
shore  of  Tom  river,  where  the  receiver 
was  placed,  scatters  the  signals  and  part 
of  them  comes  to  the  receiving  antennas. 


Phc.  5.  KapTa  pa^HOJioKauHOHHbix  oTpaxeHHH  Hccjie^yeMoro  panoHa  npu 
HyjieBOM  yrae  MecTa  nepenaromen  aHTenHbi 
Fig.  5.  Map  of  radar  reflections  within  the  investigated  area  (elevation  angle 
of  transmitting  antenna  <|)=0°) 


flna  yBejiHueHHH  touhocth  oueHKH  nojia- 
pH3anH0HHbix  napaMeTpoB  nojia  npn  o6pa6or- 
Ke  nepBHUHbix  aaHHbix  npon3Bo,mwocb  ycpen- 
HeHHe  no  ueTbipeM  anarpaMMaM.  Tax  xax  Haqajio 
KarooH  anarpaMMbi  He  6bmo  CHHxpoHH3Hpo- 
BaHo  OTHOcwreJibHO  Hanajia  <}>aMjia,  to  npe^Ba- 
pHTejibHo  aHarpaMMbi  HanpaBJieHHocTH  coBMe- 
majiHCb  Koppeji5mnoHHbiM  mctohom. 

npoaHanH3HpoBaB  nojiyneHHbie  pe3yjibTaTbi, 
aBTopbi  npnnuiH  k  cjieayromuM  BbiBoaaM: 

1.  B  TeneHHe  ftimTejibHocm  npHHHMaeMoro 
HMnyjibca  MoxryjTb  |  p  |  n  d>a3a  O  nojrapH3aimoH- 
HOPO  OTHOUieHHH  H3MeHHJOTC5I.  M3MeHeHHH  npOHC- 
XOZWT,  B  OCHOBHOM,  B  TCHeHHe  flByX-TpeX  BpeMeHHbLX 
zmcKperoB  AUJl  amocHTejiLHO  Hanajia  HMnyjibca, 
to  ecn>  b  TeueHne  25-40  hc.  flanee  jio  OKOHuamm 
iirraiHOH  nJinrejibHocrH  HMnyjibca  (300  hc)  Monyjib 
H  (})a3a  OCTaiOTCH  npH6jIH3HTeJIbH0  nOCTOHHHHMH 
h  bhobb  MeHaioTca  b  nepnoa  cnaaa.  Ot  onbiTa  k 
onbiTy  Mo^yjib  h  4>a3a  nojiapH3anHOHHoro  ot- 
HomeHHH  MeHHiOTca  Majio  (CKO  othx  Bejm- 
HHH  Majio),  UTO  CBHaeTeJlbCTByeT  O  AOCTOBep- 
hocth  nojiyueHHbix  a aHHbix. 

2.  H3MeHeHne  Mo^yjia  h  4>a3bi  nojinpim- 
HHOHHoro  OTHomeHHa  b  TeneHne  &JiHTejibH0c- 
th  HMnyjibca  3aBHCHT  ot  nojiapn3amiH  H3JiyneH- 


In  order  to  improve  the  accuracy  of 
the  polarization  parameters  estimation, 
the  primary  data  were  averaged  by  four 
recorded  patterns.  Since  the  start  of  every 
pattern  was  not  synchronized  with  begin¬ 
ning  of  data  file,  then  the  recorded 
patterns  were  firstly  matched  by  the 
correlation  method. 

Analysis  of  the  measurement  results 
allows  to  draw  the  conclusions. 

1.  The  modulus  |  p  |  and  phase  <£  of 
the  polarization  ratio  change  within  du¬ 
ration  of  the  received  pulse.  In  general, 
the  changes  take  place  during  2  or  3  time 
steps  of  ADC  from  the  pulse  beginning, 
i.e.  during  25-40  ns.  Further,  up  to  the  pulse 
duration  end  (300  ns)  the  modulus  and 
phase  are  almost  invariable  and  they 
again  start  changing  during  the  pulse 
drop.  The  values  of  |  p  |  and  ®  change 
slightly  from  one  experiment  to  another 
(standard  deviation  is  small),  that  con¬ 
firms  the  data  reliability. 

2.  Variation  of  the  modulus  and 
phase  of  the  polarization  ratio  within 
the  received  pulse  duration  depends  on 
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Horo  cnraana  h  opHeHTauHH  b  npocrpaHCTBe 
nepe^aiomen  aHTeHHbi.  npH  objiyqeHHH  npneM- 
HHKa  ocHOBHbiM  JienecTKOM  AHA  <J>a3a  nojia- 
pH3auHOHHoro  oTHomeHHH  H3MeHfleTca  Ha  20- 
50°,  a  Gokobmmh  -  Ha  70-140°  h  6oaee.  Monyjib 
nojiapH3auHOHHoro  oTHomeHMa,  KaK  b  raaB- 
hom,  TaK  h  b  Ookobbix  jienecTKax  AHA,  MoxceT 
H3MeHaTbca  b  acchtkh  pa3,  npnueM  opToro- 
HajibHbie  cocTaBJiaiouiHe  cnniajia  He  Bcer^a  o  a- 
HOBpeMeHHO  AOCTwraioT  ypoBHa  perncTpaiiHH. 

3.  IloaapH3auHOHHoe  oTHomeHHe  b  rnaB- 
hom  aenecTKe  AHA  b  cepeAHHe  HMnyabca  npH- 
HHMaeT  3HaneHHe  or  3  jxo  10. 

4.  IloaapH3aiiHOHHoe  OTHomeHHe  b  ak>6om 
BpeMeHHOM  ceaeHMH  HMnyAbca  3aBHCHT  ot  yr- 
aoBoro  noaoxeHHa  aHTeHHbi  PJIC,  ito  bhaho 
npH  paccMorpeHHH  pnc.  6-9.  npH  3Tom: 

-  Mo^nyab  noaapH3auHOHHoro  oTHOiueHHa  |  p  | 
cHJibHo  H3MeHaeTca  b  3aBH chmocth  ot  yr- 
aoBoro  nojioaceHHa  aHTeHHbi  PJIC  no  a3H- 
Myry  h  yray  Mecra,  npHueM  ero  MaxcHMyM 
H  MHHHMyM  COOTBeTCTByiOT  MHHHMyMaM  AH- 
arpaMMbi  HanpasjieHHOCTH  nepeAaiometi  aH¬ 
TeHHbi  Ha  BepTHKajIbHOH  HJIH  TOpH30HTaJIb- 
HOH  nOJiapH3aHHH.  B  3THX  TOHKaX  OH  6flH30K 
k  Hyaio  jih6o  k  100,  TaK  uto  npHHHMaeMbiH 

CHTHaJI  MOXCHO  CMHTaTb  nOJiapH30BaHHbIM 
rOpH30HTaJIbHO  HJIH  BepTHKaJIbHO,  He3aBH- 
chmo  ot  4>a3bi  nojiapH3auHOHHoro  oTHome- 
HHa; 

-  H3MeHeHHe  4>a3bi  noaapH3auHOHHoro  otho- 
meHHa  b  3aBHCHMocTH  ot  ynioBoro  nono- 
)KeHHa  aHTeHHbi  PJIC  hocht  cnyuaftHbiH  xa- 
paKTep  c  pacnpeaejieHHeM  BepoaTHOCTen, 
6ah3Khm  k  paBHOMepHOMy  b  HHTepBaae  ±7t. 
Oa3a  noaapH3auHOHHoro  oTHomeHHa  b  npe- 
Aenax  raaBHoro  jienecTKa  AnarpaMMbi  Ha- 
npaBJieHHOCTH  ocTaeTca  npH6jiH3HTeabHO 
nOCTOaHHOH. 

5.  Ko3(J)4)HUHeHT  KoppeaauHH  ( R )  no aa- 
pH3anHOHHOTO  OTHOiueHHa  B  TOHKaX,  pa3He- 
ceHHbix  no  ropH30HTaan  Ha  (1,6-^10)A,,  Haxo- 
AHTca  b  npeAeaax  0,85-0,7  (pnc.  10). 
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polarization  of  the  radiated  signal  and 
angle  coordinates  of  the  transmitting 
antenna.  While  irradiating  the  receiver 
by  the  main  lobe  and  side  lobes,  the 
phase  O  of  the  polarization  ratio  changes 
up  to  20-50°  and  70-140°  and  more,  cor¬ 
respondingly.  The  polarization  ratio 
modulus  can  varies  by  dozens  of  times, 
while  the  orthogonal  signal  components 
reach  the  -registration  level  not  always 
simultaneously. 

3.  For  the  main  lobe,  the  polariza¬ 
tion  ratio  varies  from  3  to  10  in  the 
middle  of  pulse  duration. 

4.  One  can  see  in  Fig.  6  to  9  that  the 
polarization  ratio  depends  on  the  angle 
coordinates  of  the  radar  antenna  for  any 
time  cut  of  pulse.  In  this  case 

-  the  modulus  |  p  |  of  the  polarization 
ratio  strongly  changes  depending  on 
azimuth  and  elevation  angles  of  the 
antenna;  its  maximum  and  minimum 
values  correspond  to  minima  of  the 
transmitting  antenna  pattern  on  the 
vertical  and  horizontal  polarizations. 
At  these  points  the  ratio  is  close 
either  to  zero  or  100,  so  that  the 
received  signal  can  be  considered  as 
horizontally  or  vertically  polarized 
regardless  of  the  phase 

-  changes  of  the  polarization  ratio 
phase,  as  function  of  angular  coor¬ 
dinates  of  the  radar,  are  random  with 
a  probability  distribution  close  to  even 
distribution  within  the  interval  ±7t. 
The  phase  of  the  polarization  ratio 
remains  nearly  constant  within  the 
main  lobe. 

5.  Correlation  coefficient  of  the  po¬ 
larization  ratio  in  the  points  spaced  hori¬ 
zontally  by  (1 ,6^  10) X  varies  from  0,85  to 
0,7  (Fig.  10). 
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Phc.  6.  ypoBeHb  npHHHMaeMbix  cHrnajioB  (yroa  MecTa  nepe^aiomeii  aHTeHHbi 
([)=60,  V  -  BepTHKajibHaa  cocTQBjuiiomafl,  H  -  ropn30HTajibHaa 
cocTaBJiaiomaH,  P  -  yroa  oTBOpoia  nepe^aiomeH  aHTeHHbi) 

Fig.  6.  H-  and  V-channel  received  signals  versus  transmitting  antenna  azimuth  p 
(elevation  angle  of  transmitting  antenna  4>=0°) 
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Phc.  7.  Moaynb  no/iapH3aunoHHoro  oTHoiueHHtf 

Fig.  7.  Modulus  of  polarization  ratio  versus  transmitting  antenna’s  azimuth 


Phc.  8.  <E>a3a  nojiapH3aimoHHoro  oTHomemui 

Fig.  8.  Phase  of  polarization  ratio  versus  transmitting  antenna’s  azimuth 


109 


SKcnepuMeHmcuibHbie  uccAedoeamin  nompu3ai^uoHHou  cmpytcmypu  ... 


Phc.  9.  THCTorpaMMa  narwpH3auHOHHoro  oTHomeHHJi  npn 

KpyroBOM  cKaHHposaHHH  nepejiaiomeft  aHTeHHW 
Fig.  9.  Sampled  histogram  of  polarization  ratio  under  circular  scan  of 
transmitting  antenna 


Phc.  10.  Koppejraiuw  Mouyjw  nojwpH3auHOHHoro  OTHomeHHJi  npH  nonepeHHOM 
pa3HeceHHH  npweMHbix  aHTeHH  (D  -  npocTpaHCTBeHHbiii  pa3Hoc) 

Fig.  10.  Correlation  of  polarization  ratio's  modulus  under  horizontal  space 
diversity  (D)  of  receiving  antennas 


110 


XapaKTepncTHKH  SoKOBoro  HSJiyneHHfl 
3epKajIbHbIX  aHTCHH 


Characteristics  of  Sideward 
Radiation  of  Reflector  Antennas 
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The  main  reasons  of  reflector  antenna 
sideward  radiation  are  considered.  The 
necessity  to  use  experimental  statistical 
quantities  for  estimation  of  radio  systems 
compatibility  is  substantiated.  Some  measu¬ 
rement  results  obtained  in  particular  for 
co-  and  cross-polarized  received  signals 
are  given  in  the  paper 


npH  aHajiH3e  ajieicrpOHHOH  cobmccthmocth 
COBpeMeHHbIX  pa£H03JieKTp0HHMX  YKB  CHCTeM 
pa3JiHHHoro  Ha3HaqeHHH  B03HHKaeT  HeoSxojm- 
MOCTb  OUeHKH  ypOBHfl  CHrHMOB,  o6pa30BaHHbix 
6okobhm  H3jiyHeHHeM  nepe^aiomeH  aHTeHHbi 
hjih  npHHBTbix  aHTeHHaMH  c  HanpaBJieHHH,  pac- 
nojioxceHHbix  3a  npenejiaMH  ochobhoix)  jienecrKa 
imarpaMMbi  HanpaBJieHHocTH .  B  o6ohx  cjiyuaax 
HyXCHa  MH(J)OpMaUHH  0  TOHKOH  yTJIOBOH  CTpyK- 
Type  AHarpaMMbi  HanpaBJieHHocTH  b  npejiejiax 
nojiHoro  yrjia  b  ropH30HTajibHOH  h  BepTHKajib- 
hoh  iuiockoctax  hjih  xoth  6w  b  npeflejiax  oc- 
HOBHoro,  jmyx-Tpex  nepBbix  Gokobmx  h  3ajmero 
jienecTKOB.  B  o6meM  cjiyuae  b£dkho  hmctb  xaKyio 
iinarpaMMy  Kax  ruin  ochobhoh  nojiHpH3auHH 
H3jiyneHHfl,  Tax  h  juib  flpyrnx,  nanpHMep,  opTO- 
roHajibHOH. 

BoKOBoe  H3JiyneHHe  hjih  6okoboh  npneM 
3epKajibHbix  aHTeHH  [1,2]  hmciot  MecTo  3a  cueT 
cjiejtyiomHX  npHHHH:  KpaeBbix  bojih,  hcxojhhhhx 
ot  KpOMOK  3epKajia;  KpaeBbix  bojih,  oTpa^xeHHbix 
ot  noBepxHOCTH  3epxajia;  nojia  obJiyuaTejra,  He 
nepexBaTbiBaeMoro  3epKajioM;  nojia  njiocKOH 
bojihh,  pacceaHHOH  Ha  oGjiyqareJie  hjih  Bcno- 
MoraTejibHOM  3epKane  (ecjiH  oho  HMeerca)  h 
ajieMeHTax  hx  KperuieHHa;  nojin,  pacceaHHoro 
HepoBHOCTHMH  3epKajia  H  #p. 

SHepraa  Hajiyueroui,  o6ycnoBJieHHaH  nepBbiMH 
TpeMH  npHHHHaMH  (3HeprHH  JIH^paKHHH)  CO- 
cpejioTOHeHa,  b  ochobhom,  b  o6jiacTH  nepBbix 


The  level  of  signals  caused  by  radia¬ 
tion  of  transmitting  antenna  side  lobes 
or  received  from  directions  outside  the 
receiving  antenna  main  lobe  should  be 
estimated  in  order  to  analyze  the  electro¬ 
magnetic  compatibility  of  different 
modem  UHF  electronic  systems.  In  both 
cases,  we  need  an  information  about 
fine  angle  structure  of  antenna  patterns 
within  full  angular  range  in  the  vertical 
and  horizontal  planes,  or  at  least  within 
the  main  and  2-3  sidelobes.  In  general 
case,  it  is  necessary  to  have  such  infor¬ 
mation  both  for  co-polarized  and  for 
other  (for  instance,  cross-polarized)  ra¬ 
diated  signals. 

The  main  reasons  of  sideward  radi¬ 
ation  and  reception  of  a  reflector  antenna 
[1,  2]  are  such  ones  as  edge  waves  due  to 
the  reflector  edges;  edge  waves  scattered 
by  the  reflector's  surface;  field  of  irra¬ 
diator,  which  is  not  intercepted  by  the 
reflector;  field  of  flat  wave  scattered  by 
the  irradiator  or  additional  reflector  (if 
it  exists)  and  supporting  elements;  field 
caused  by  the  reflector's  roughness,  etc. 

Energy  of  radiation  due  to  the  first 
three  reasons  (diffraction  energy)  con¬ 
centrates  mainly  within  the  first  side- 
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Xapafcmepucmwcu  6oKoeoeo  UMynenim  3epKajibHbix  anmenn  _ 

6okobwx  jienecTKOB  h  cocTaBAHeT  okojio  4-5%  lobes  and  equals  to  4-5%  of  all  energy. 
Been  3HeprnH.  Mexican  cTpyicrypa  3Toro  H3Jiyne-  The  fine  structure  of  this  radiation 
hub  3aBHcm  ot  oTHomeHHa  AnaMeTpa  3epicajia  depends  on  the  reflector  diameter  to 
k  AJMHe  BojiHbi.  3HeprHfl  pacceBHHB  Ha  o6jiyua-  wavelength  ratio.  The  energy  scattered 
Tejie,  BcnoMoraTe^bHOM  3epKane  h  ajieMeHTax  by  the  irradiator,  additional  reflector 
hx  KpenjieHHfl,  cocraBJiaeT  okojio  12  %  Bceft  and  supporting  elements  is  about  12% 
SHeprHH  h  3aKJnoueHa  b  oGjiacm  kuk  6jw>KHe-  of  all  energy  and  is  concentrated  as  in 
ro,  Tax  h  /tajibHero  H3jiyHeHHH.  3HeprHH,  pac-  near  and  far-field  zones  of  the  sideward 
ceHHHaa  Ha  hcoahopoahocthx  3epKajia,  raoce  radiation.  The  scattered  energy  due  to 
jieaoiT  b  o6jiacTH  GnnacHero  h  AaJibHero  6oko-  the  reflector  roughness  is  uniformly 
Boro  H3JiyHeHHB,  oaHaxo  ee  pacnpeaejieHHe  b  distributed  in  near  and  far-field  zones. 
npOCTpaHCTBe  M05KH0  CUHTaTb  paBHOMepHbIM. 

PaccMOTpeHHbie  Bbiine  cocxaBJifliomHe  6oko-  The  components  of  the  antenna  side- 

Boro  H3JiyMeHHB  aHTCHHbi  HMeior  pa3JTHMHbie  4>a3bi,  ward  radiation  have  different  phases.  As 
b  pe3y/ibTaTe  qero  AnarpaMMa  He  objianaeT  ueT-  a  result,  the  antenna  pattern  has  no  clear 
koh  nepnoAHHecKofi  cTpyicrypoH,  a  uiHpHHa  h  periodical  structure,  and  width  and  level 
ypoBeHbJienecTKOBH3MeHHK)TCflBiiiHpoKHxnpe-  of  sidelobes  vary  considerably.  If  the 
aejiax.  Ecjih  6okoboc  HanyueHHe  b  HeKoropon  06-  sideward  radiation  is  nearly  monotonous 
jiacrH  yrjioB  6jih3ko  k  MOHOTOHHOMy,  to  4>a3a  ero  within  some  angle  range,  then  its  phase 
b  3TOH  ofljiacTH  npajcmuecKH  nocroBHHa.  06  H3-  is  practically  invariable  in  this  range.  The 
MeHeHHH  4>a3bi  ot  jienecrxa  k  JienecTKy  mo>kho  inter  sidelobes  depression  points  to  the 
cyoHTb  no  rjiyflnHe  npoBajioB  Meacny  hhmh;  Ha-  phase  variation.  So,  for  example,  deep 
jiHHHe  rJiy6oKnx  npoBajioB  CBHAeTeAbCTByeT  o  depression  is  the  evidence  of  essential 
6o;ibiiinx  H3MeHeHnax  4>a3bi.  phase  variations. 

PaGora  aHTeHHbi  b  peaubHoii  oGcraHOBKe  co-  The  real  antenna  operation  is  accom- 
npoBoxcoaercH  orpaxeHHeM  CHmajioB  ochobhoto  panied  by  the  main  lobe  signal  reflections 

jienecnca  anarpaMMbi  ot  mccthocth,  mccthwx  from  background,  local  objects,  antenna 

npeaMeTOB,  onopHo-noeopoTHoro  ycTponcTBa,  drive  mechanism,  supporting  elements 

sjieMeHTOB  KOHcrpyKUHH  cHcreMbi  h  np.  Orpa-  of  the  system  design,  etc.  The  scattered 

xceHHbie  cnrHaJibi  3HauHTejibHo  HcxaxcaioT  noji-  signals  considerably  distort  the  antenna 

Hyio  AnarpaMMy  n  npHBo/urr  k  KaxymeMyca  yBe-  pattern  and  lead  to  apparent  increasing 

jiHueHHio  ypoBHB  6okoboto  H3JiyMeHHB  (npweMa)  the  sideward  radiation  (reception)  level. 

aHTeHHbi.  OnHaKO  HMeHHO  3Ta  Kaxymancfl  ah-  However,  it  is  the  apparent  pattern  that 

arpaMMa  h  AOAXCHa  yuHTbiBaTbca  npH  peuieHHH  should  be  taken  into  account  while 

3aAau  3AeicrpoHHoii  coBMecTHMOCTH.  3aweTHM,  solving  the  EMC  problem.  Let  us  note 

mo  nepeoTpaaceHHbie  cnmajibi  b  3HauHTenbHoft  that  retro  reflected  signals  are  mainly 

crreneHH  cjiynaiiHbi,  b  pe3yjibTaTe  qero  Kaacyma-  random  and,  therefore,  the  apparent 

flea  AnarpaMMa  nocroaHHO  H3MeHBercH.  pattern  varies  continuously. 

yica3aHHbie  npHUHHM  o6pa30BaHHH  6okobo-  The  given  reasons  of  sideward  radi- 
ro  H3JiyHeHHH  iiphboaht  Taioxe  k  cymecTBOBa-  ation  lead  also  to  depolarization  of  the 

hhio  (npweMy)  cwrHana,  HMeiomero  oTAHHHyio  received  signals.  As  a  rule,  orthogonally 

ot  ochobhoA  noAflpH3aitHK).  06biHHo  npeAcraB-  polarized  signal  is  of  interest.  In  that 

jineT  HHTepec  cnrHan  nojiapH3auHH,  opToro-  case,  two  antenna  patterns  (one  for  co- 

HanbHot)  k  ocHOBHoft,  h  totas  roBopBT  06  ah-  and  another  for  cross-polarization) 

arpaMMax  HanpaBJieHHocTH  aHTeHHbi  ajih  should  be  investigated. 

OCHOBHOft  H  AHH  OpTOrOHaJIbHOH  nOAflpH3aiIHH. 

H3MepeHHa  noKa3biBaior,  mo  AHarpaMMW  Ha-  Measurements  show  that  antenna 
npaBJieHHocm  HMeior  qerxo  BbipaaceHHyio  nepw-  patterns  have  clear  periodical  structure 

oAHHecxyio  crpyicrypy  TOAbKO  b  oGnacro  nepBbix  only  for  the  first  side  and  back  lobes, 

6okobhx  h  3aAHero  AenecncoB  h  npn  orcyrcTBHH  and  when  there  are  no  strong  scattered 

3Ha4HrejibHbix  OTpaAceHHbix  CHmanoB.  OAHa  H3  signals.  An  example  of  such  patterns  in 

tbkhx  AHarpaMM  aah  napaGamwecKOft  3epxanb-  the  case  of  parabolic  reflector  antenna 

Hoft  aHTeHHbi  npHBeAeHa  na  pnc.  1  [2].  is  shown  in  Fig.  I  [2]. 

Kax  ynoMHHajiocb  Bbiuie,  xapaicrepHCTHKH  As  was  mentioned  above,  the  side- 
GoKOBoro  H3JiyueHHB  noABepxceHbi  BpeMeHHbiM  ward  radiation  characteristics  are  func- 
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H  npOCTpaHCTBeHHbIM  (yTJIOBblM)  H3MeHeHHHM. 
3to  oScTOHTeJibCTBO  npMBO^HT  k  HeoSxo^HMO- 
cth  CTaTHCTH'iecKoro  onHcaHHH  ^narpaMMbi 
HanpaBJieHHocTH,  TeM  6ojiee,  hto  b  GojibiiiHHCTBe 
3a^a4  3JieKTpOHHOM  COBMeCTHMOCTH  B3aHMHOe 
yrjioBoe  noAoxceHHe  xax  chctcm,  Tax  h  AHar- 
paMM  HanpaBJieHHocTH  hx  aHreHH  tomho  He 
onpeAejieHO  mjim  H3MeH5ieTCH.  B  stom  cjiynae  He- 
o6xoahmo  HMeTb  TaKHe  xapaxTepHcraxH,  xa k 
cpeAHHH  OTHocHTejibHbiH  ypoBeHb  6oxoBoro  H3- 
jiyneHHH  hjih  3axoH  pacnpeAeneHna  ero  b  3aAaH- 
hom  cexTope  yrjioB  h  aHajioraHHbie  xapaxrepHc- 
thxh  zuia  HiHpHHbi  jienecTXOB;  b  pHAe  cjiynaeB 
Heo6xoAHMbi  AaHHbie  aha  cwrHajioB  oproroHajib- 
Hofi  nojmpH3amiH. 


tions  of  time  and  space  (angles).  This 
dependence  is  condition  on  necessity  of 
statistical  decsription  of  the  pattern.  An 
additional  argument  for  such  descrip¬ 
tion  is  that  the  most  of  EMC  problems 
do  not  provide  for  known  mutual  orien¬ 
tation  of  the  systems  and  their  antenna 
patterns.  In  this  case  we  need  to  know 
such  characteristics  as  average  relative 
level  of  sideward  radiation  or  its  distri¬ 
bution  law,  and  the  same  characteristics 
for  lobes  width  (sometimes  we  need  data 
for  orthogonally  polarized  signals  as 
well). 


24(f  26(f  280*  300*  320 * 


12(f  100*  80*  60*  40* 


Phc.  I.  HuarpaMMa  HanpaBJieHHocTH  napafiojmecxoH  3epxajibHOH 
aHTCHHbi.  Ko3(J)(f)HUHeHT  ycHJieHHfl  46  aB  Ha  nacTOTe  6  ITu 
Fig.  1.  Directional  pattern  of  parabolic  reflector-type  antenna  with  46  dB 
amplification  factor  at  6  GHz 


IIpHBeAeM  nojiyueHHbie  HaMH  AaHHbie  ana 
HexoTopbix  aHTeHH,  ycTaHOBJieHHbix  Ha  peanb- 
HblX  II03HUHHX. 

Ha  pHc.  2  npHBeaeHa  3anucb  npaMoro  cwmana, 
npHHHMaeMoro  Ha  Mopcxon  Tpacce  Ha  paccToa- 
hhh  430  xm  npH  xpyroBOM  cxaHHposaHHH  nepe- 
nax)iueH  napabojiHuecxon  aHTeHHbi  MeTpoBoro 
AHana30Ha  c  ropH30HTanbHOH  noAHpH3aimeft. 
riepHOA  cxaHMpoBaHna  aHTeHHbi  cocraBjuui  28  cex, 
niHpHHa  AHarpaMMbi  HanpaBJieHHocTH  b  ropH- 
30HTaribHOH  IUIOCXOCTH  4°,  B  BepTHXaJIbHOH  22°. 
H3MepeHHH  npoBOAHJiHCb  npn  npweMe  Ha  BnSpa- 
TopHyio  aHTeHHy.  B  xa*AOM  ceaHce  peracTpHpo- 
Banocb  ao  250  AwarpaMM  nepeAaiomen  aHTeHHbi 
c  3anHCbio  cumajia  ochobhoh  noAflpH3aijHH. 
06pa6oTxa  pe3yjibTaTOB  H3MepeHHii  CBOAHJiacb 
x  nocTpoeHHio  THcrorpaMM  MaXCHMaJIbHbIX  ypoB- 
Heft  cnmajia  ochobhoto  h  6oxoBbix  AenecTXOB 
AHarpaMM  HanpaBJieHHocTH.  Ha  pHC.  3  npeACTaB- 
jieHbi  THCTorpaMMbi  oAHoro  H3  Taxnx  ceaHCOB. 


Now  we  present  the  data  obtained  for 
some  antennas  operating  in  field  condi¬ 
tions. 

Fig.  2  shows  an  example  of  direct 
signal  recording  received  on  sea  path  (430 
km)  in  the  case  of  round  scanning  of 
transmitting  parabolic  VHF  antenna  with 
horizontal  polarization  (the  scanning 
period  is  28  s;  the  main  lobe  width  are  4° 
and  22°  in  the  horizontal  and  vertical  plane, 
correspondingly.  The  measurements  were 
done  with  dipole  as  the  receiving  antenna. 
250  patterns  of  the  transmitting  antenna 
with  co-polaiized  signal  were  recorded 
during  every  session.  Histograms  of  maxi¬ 
mum  level  of  the  main  and  sidelobes  of 
the  patterns  were  calculated  during  the 
results  processing.  Fig.  3  shows  an  example 
of  histograms  obtained  in  the  course  of 
one  of  the  sessions. 
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Pmc.  2.  npHMep  nocjie^oBaTejibHoft  3anncH  awarpaMM  HanpaBJieHHOcTH 
napa6ojmiiecKOH  aHTCHHbi  Ha  flajibHocru  430  km 
Fig.  2.  Example  of  consecutive  recording  of  directional  patterns  of  parabolic 
antenna  at  430  km  distance 


e)  0  8) 

Phc.  3.  rHcrorpaMMbi  MaKCHMajibHoro  ypoBHH  ( U )  jienecTKOB  jmarpaMMbi  HanpaBJieHHocra 
napabojiHHecKOH  aHTeHHbi  Ha  flajibHOcru  430  km:  a),  b),  c)  -  TpH  JieBbix  6okobwx 
jienecTKa;  d)  -  rJiaBHbiw  jienecTOK;  e),  f),  g)  -  TpH  npaBbix  6okobhx  jienecTKa 
Fig.  3.  Histograms  of  maximum  level  ( U )  of  parabolic  antenna  lobes  at  430  km  distance:  left 
sidelobes  (a),  (b),  (c);  main  lobe  (d);  right  sidelobes  (e),  (f),  (g) 

AHanomHKbie  ztaHHbie  6bum  nojiyueHbi  b  10-cm  The  similar  data  have  been  obtained  in 

itHana30He  bojih  Ha  MopcKofi  Tpacce  npoTH-  10-cm  wavelength  band  over  the  sea  path 


114 


Characteristics  of  Sideward  Radiation  of  Reflector  Antennas 


ateHHOCThio  495  km.  riepeflaTTOK  HMeji  cKamipy- 
lomyio  no  a3HMyiy  aHTeHHy  c  BepTHKajibHOH  no- 
jiapH3auneii.  CKopocrb  CKaHHpoBaHMH  36  rpajj/c, 
mnpHHa  rcnarpaMMbi  HanpaBJieHHocm  b  ropH30H- 
TaJlbHOH  nJIOCKOCTH  0,75°,  B  BepTHKaJIbHOH  —  2°. 
ypoBeHb  cnmajia  ropH30HT<nibHOM  nojiBpH3aixHn 
b  MaKCHMyMe  ocHOBHoro  jienecTKa  He  npeBbimaji 
-30  a B  ot  cnmajia  Ha  ochobhoh  nojwpH3aimH. 
npweM  ocymecTRJiBjicB  Ha  Heno^BH^KHyio  napa- 
OojiHHecKyio  CHMMeTpHHHyio  aHTeHHy  .nwaMeTpoM 
2,5  m,  HMeiomyio  nojiHpn3auHOHHbiH  pacmenn- 
TeJib  CMTHauoB.  06pa3iibi  3anwcH  Taiaix  CHmajioB 
npHBe,neHbi  Ha  pnc.  4. 


495  km  long.  The  transmitting  antenna  was 
vertically  polarized  azimuthally  scanning 
antenna.  The  scanning  speed  was  36°  per 
sec,  and  the  main  lobe  width  was  0,75° 
and  2°  in  the  horizontal  and  vertical  plane, 
correspondingly.  The  level  of  horizontally 
polarized  signal  in  the  main  lobe  maximum 
was  -30  dB  relatively  the  vertically  polarized 
signal.  Stable  symmetrical  parabolic 
antenna  (2,5  m  diameter)  used  for  signals 
reception  had  polarization  splitter.  Some 
examples  of  the  recordings  are  shown  in 
Rg.4. 


Phc.  4.  06pa3Ubi  npHHHMaeMoro  cnmajia  cxaHapyiomero  HCTOHHHKa  10-cm  flHana30Ha  Ha 

MopcKoft  Tpacce  ajihhoh  495  km:  a)  BepTHKajibHaa  nojiapimuHa,  b)  ropH30HTajibHaa 
noaapH3auHa 

Fig.  4.  Examples  of  received  signals  from  S-band  scanning  source  at  495  km  sea  path:  a) 
vertical  polarization,  b)  horizontal  polarization 


a)  b) 


Phc.  5.  YcpeflHeHHaa  3aBHcHMocTb  ypoBHJi  cHraanoB  ot  yrjia  oTBopoTa  nepe^aiomeft 
aHTeHHbi:  a)  cHmaji  ochobhoh  (BepTHKajibHoft)  nojiapH3auHH  h  ero 
cpeAHeKBaapaTHaecKoe  onoioHeHHe;  b)  to  ace  /urn  cHmajra  Kpocc-nonapH3auHH 
Fig.  5.  Averaged  received  signals  level  versus  azimuth  deviation  of  transmitting  antenna:  a)  main 
(V-polarized)  signal  and  its  standard  deviation,  b)  the  same  for  cross-polarized  signal 

Ha  pnc.  5  npHBeaeHbi  ycpeflHeHHbie  aa  cy-  Fig.  5  shows  24  houis  averaged  patterns 

TOHHbiH  ceaHC  H3MepeHHft  ^HarpaMMbi  HanpaB-  of  the  transmitting  antenna  and  standard 
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XapaicmepucmuKU  GoKoeoeo  uMynenusi  3epKQJibHbix  anmem 


jieHHOCTH  nepeziaiomeH  aHTeuHLi  h  cpeaneKBa^- 
paTmecKHe  orienoHeHMfl  ypoBHn  b  pauiMHHbix  tom- 
Kax  anarpaMMLi.  Cpezin^a  lUHpwHa  maBHoro  Jiene- 
CTKa  Ha  OCHOBHOH  nO/I5IpH3aitHH  COCTaBHJia  0,83° 

co  cpeAHeKBaapawiecKHM  onoioHeHneM  0,39°;  Ha 

opToronajibHOM  nojiapH3auHH  —  cootbctctbchho 

1,43°  h  0,98°. 

AHajiH3  3KcnepHMeHTajibHbix  awarpaMM,  no- 
jiyneHHbix  Hawn  h  3awMCTBOBaHHbix  H3  jiHTepa- 
Typbi  (6ojiee  40  0£H03epKajibHbix  napabojinuec- 
kmx  aHTeHH  c  ycHJieHweM  30-50  jxB  jyin  ochobhoh 
noaapH3auHH),  noKa3aji,  hto  ypoBeHb  SoKOBoro 
BOJiy^ieHHB  ajih  npoH3BOJibHoro  HanpaBJieHHB 

H3MeHaeTCH  ot  +(15-10)  aE  ao  -(40-50)  aE 
oTHocHTeabHO  H3orponHoro  H3Jiy4aTeaa.  BepoHT- 
Hocrb  ypoBHH  HHXce,  ueM  y  M3orponHoro  M3Jiyna- 
TCJifl,  cocxaBJiBer  0,91;  c  BepoaraocTbio  0,5  ypo¬ 
BeHb  He  npeBbiuiaeT  -18  aE.  HInpHHa  6okobbix 
aenecTKOB  Moxcex  KaK  npeBbimaTb  rnnpHHy  oc- 
HOBHoro  jienecTKa,  TaK  h  6bm>  MHoro  yxce  ero. 

rioayneHHbie  pe3yjibxaTbi  no3BOJt5UOT  oueHHTb 
ypoBeHb  H3JiyneHHH  (npneMa)  CHraajia  ochob¬ 
hoh  noaBpH3anHH,  a  TaiQKe  ypoBeHb  cnrHajia 
opToroHajibHon  nojiapH3anHH  b  ceKTOpe  6oko- 
Boro  H3ayHeHHH  aHTeHHbi. 
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deviations  of  the  signal  level  for  different 
points  of  the  pattern.  The  average  width 
of  the  main  lobe  is  0,83°  (with  0,3:’° 
standard  deviation)  and  1,43°  (0,98°) 
for  for  co-  and  cross-polarized  signals, 
correspondingly. 

Analysis  of  our  experimental  patterns 
and  found  in  literature  (more  than  40 
single-dish  parabolic  antennas  with  30- 
50  dB  gain  for  the  main  polarization) 
has  shown  that  level  of  the  sideward 
radiation  in  arbitrary  direction  varies 
from  (15+10)  to  -(40+50)  dB  relative  an 
isotropic  radiator.  The  probability  of  the 
level  to  be  less  than  for  an  isotropic 
radiator  is  0,91;  the  sidelobes  level  is 
less  than  - 1 8  dB  with  0,5  probability .  The 
sidelobes  width  can  be  as  wider  and 
much  more  narrow  than  the  main  lobe. 

The  given  results  allow  to  estimate 
level  of  radiation  (reception)  of  the  co¬ 
polarized  signal  as  well  as  the  cross- 
polarized  signal  level  in  the  angular 
domain  of  antenna's  sideward  radiation. 
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Accuracy  of  rain  intensity  measurements 
with  using  radar  techniques,  when  the  radar 
reflectivity  was  measured,  is  analyzed  in 
the  paper.  Sources  of  errors  are  shown  and 
possible  error  values  are  estimated 


K  HHCJiy  MeTeopojionwecKHX  napaMeTpoB,  Precipitations  intensity  is  one  of 
npencTaBJiHioiUHX  3HanHTejibHbiH  npaKTOMecKHfi  important  meteorological  parameters  of 
HHTepec,  othochtch  HHTeHCHBHocxb  ocarucoB.  great  interest  in  practice. 

jjyia  mimiix  oca,OKOB  HHTeHCHBHoeTb  onpe-  In  the  case  of  liquid  precipitations 
aejme tch  cooTHomeHHeM  [1]  d  the  intensity  is  described  as  [1] 

/  =  67c *  1 0-4  J  p(de)d3eV(de)d(de).  (D 

3^ecb  p (d ),  mm_1*m"3  -  4>yHKUHH  pacnpeflejie-  Here  p(d),  mm'lm*3  is  the  function 

hhh  nacrau  oca^KOB  b  eflMHHue  oGbeMa  B03,nyxa  of  precipitation  particles  distribution  in 
no  3KBHBaneHTHi>iM  jm^MeTpaM,  V(de)  -  CKopocrb  unit  air  volume,  de  is  the  equivalent 
naaerom  nacmn  b  3aBHCHMOcm  ot  3KBHBarceHT-  diameter,  V(d e)  is  the  particles  fall 
Horo  anaweTpa,  dmin  n  dmax  —  MHHHMajibHbiH  h  velocity,  dmin  and  dmax  are  maximum  and 
MaxcHMaubHHH  rtnaMerpbi  uacmn, /— HHTeHCHB-  minimum  particle  diameters,  /  is  the 
HocTb  ocajucoB  b  mm/h.  precipitation  intensity,  mm/hour. 

3a  cueT  B03flencTBHfl  aspoaHHaMHuecKWX  chji  The  form  of  a  falling  water  drop  in 
(jjopMa  naaaiomeit  b  B03,ayxe  Karuin  Boabi  ot-  air  differ  from  fully  spherical  being  in- 
jnmHa  OT  c<t>epHMecKOH.  m  HHTeHCHBHOCTH  fluenced  by  aerodynamic  forces.  For 
oca^KOB  onpetiejiHiontHM  hbjihctch  o6beM  na-  precipitation  intensity,  volume  of  the 
aaioiiiHx  KaneJib,  a  He  hx  (J)opMa.  rioaroMy  b  (1)  falling  drops  is  more  important  para- 
(JmrypHpyeT  napaMeTp  d  —  /maMeTp  3KBHBaneH-  meter  than  their  form.  Therefore,  in  (1) 
THoft  no  o&beMy  c4)epHqecKOH  nacTHUH.  we  use  equivalent  (to  the  volume) 

Ochobhhm  napaMeTpoM,  HecyniHM  HH(|x)pMa-  spherical  particle  diameter  dg. 

UHIO  06  ocamcax  npn  paanoJioKanHOHHOM  30H-  The  main  informative  parameter  in 
HHpoBaHHH,  BBJineTCH  pajtHOJioKanHOHHan  orpa-  the  case  of  radar  sounding  is  the  radar 
xaeMocrb  Z,  mmYm’  [1]  reflectivity  Z,  mmVm3  [1] 

^max 

Z  =  j  P{dt)d.6d(d,).  (2) 

^min 

OyHKUHOHajibHaH  cBH3b  Me)Ktty  paOHOJioKa-  Dependence  between  the  radar  reflec- 
UHOHHOH  OTpaacaeMocrbio  h  HHTeHCHBHocTbio  tivity  and  rain  intensity  can  be  found  only 


O^emca  monmcmu  UMtepemn  unmeHcueHocmu  dcmcdx  paduoAoicanuombiMu  cnoco6aMu 


aojkTw  McwceT  6biTb  ycrraHOBJieHa  tojilko  npw  if  p(rf )  and  V(d )  are  known. 
H3BeCTHbIX  p(rf )  H  V(de).  ‘  ‘ 

Han6ojiee  npocroe  BbipaxeHHe  am  V(dJ  The  simplest  expression  for  V(d ) 
aHajiH3HpyeTca  b  [2]  h  MMeeT  bha  was  analyzed  in  [2]  and  looks  like 


V(de)  =  4.\d 


0.5 


(3) 


IloCKOJIbKy  OCHOBHOfi  BKJia#  B  paHHOJIOKaUHOH- 
Hyio  oTpaxaewocTb  h  b  khtchcmbhoctb  ocaaKOB 
naeT  KpynHOKanejibHan  uacTb  cneKTpa  pa3MepoB 
Kanejib  [3],  moxcho  yuHTbmaTb  mribKo  HMcna^a- 
jomyio  MacTb  cneKTpa,  annpoKCMMnpya  ee  3kc- 
noHeHTon,  aBJunomenca  nacTHbiM  cnyaaeM  raMMa- 
pacnpe^eaeHna.  3to  pacnpe/rejieHHe  h3bcctho  b 
pa^HoaoKaunoHHOM  MeTeopojiornn  Kax  pacnpe- 
nejieHHe  Mapinajuia-riajibMepa 


As  the  main  contribution  in  the  radar 
reflectivity  and  precipitation  intensity  is 
determined  by  large  drops  part  of  the 
particle  dimensions  spectrum  [3],  we  can 
to  take  into  account  only  drooping  part 
of  the  spectrum,  approximating  it  with 
an  exponent  as  a  particular  case  of  the  y- 
distribution,  which  is  known  in  meteo¬ 
rology  as  the  Marshall-Palmer  distribution 


p(de)  =  NXe~”‘. 


(4) 


3^ecb  NnX-  napaMerpbi  pacnpe^ejieHmi.  Nnue- 
eT  CMbicn  KOHireHTpamiM  Kanejib,  a  X  onpe^ejiaeT 
niHpHHy  cneKTpa. 

Hcnojn>3yfl  cooTHomeHHH  (1),  (2),  (3),  (4), 
moxho  nojiyuMTb 


Here  N  and  X  are  the  distribution  para¬ 
meters,  which  characterizes  the  drops 
concentration  and  the  spectrum  width. 

Using  expressions  (1)  to  (4)  we  can 
derive 


Z  =  720n\, 

X 


I  =  9'\0'2N-[t. 


(6) 


BhBHO,  HTO  HHTeHCHBHOCTb  OCa#KOB  H  pa^HO- 
JioKaunoHHaH  OTpaxaeMocTb  onpe^enaroTca  na- 
paMeTpaMH  cneKTpa  pa3MepoB  Kanejib  NmX. 

Ha  3aBHCHMocTBx  Tnna  (5),  (6)  ocHOBaHbi 
cymecTByiomne  cnoco6bi  H3MepeHHH  hhtchchb- 
hocth  ocaflKOB  no  nx  PJ1  oTpaxaeMocTH.  npn 
3T0M  OflHH  H3  napaMeTpOB  3a#aeTC5I  npOH3BOJIb- 
HO,  H3  CHCTeMbl  ypaBHeHHH  (5),  (6)  HCKJIIOHaeTCH 
BTOpoft  napaMeTp,  m  nojiyneHHafl  tukmm  o6pa- 
30M  3aBHCMMOCTb  Z(f)  CJiyXCMT  OCHOBO#  H3- 
MepeHHH.  npon3BOji  b  3a£aHHH  ozmoro  W3  na- 
paMeTpoB  npHBormT  k  6ojibiiiHM  norperuHocTHM 
M3MepeHHH  [4].  CnpaBe^HBOCTb  3TOTO  yTBep)K- 
iteHHfl  cne^yeT  M3  aHara3a  cooTHomeHHH  (5),  (6). 
HencTBHTejibHo,  no^cTaBjina  (6)  b  (5),  mo^kho 
nojiyHHTb 

ry  _  2  16 ' 1  0: 

A’042 


Apparently,  the  intensity  and  radar 
reflectivity  depend  on  parameters  NmX 
of  the  drop  size  spectrum. 

The  existing  measurement  methods 
of  the  precipitation  intensity  by  the 
radar  reflectivity  are  based  on  (5)  and  (6). 
In  this  case,  one  of  the  parameters  is 
choosen  arbitrary,  then  the  second 
parameter  is  excluded  from  equations  set 

(5) ,  (6).  The  dependence  Z(7)  obtained  is 
the  basis  for  measurements.  It  is  clear 
that  the  arbitrary  choice  of  one  of  the 
parameters  leads  to  large  measurement 
errors  [4].  It  follows  from  analysis  of  (5), 

(6) .  In  fact,  substituting  (6)  into  (5)  gives 

•I171.  (7) 


H3  (7)  cjieayeT,  hto  6e3  ^onojiHHTejibHOH  It  follows  from  (7)  that  it  is  impos- 
HH<j)opManHH  o  napaMeTpe  N  (win  X)  HeB03-  sible  to  find  correct  functional  relation 
moxcho  ycTaHOBHTb  Tounyio  (JjyHKUHOHajibHyio  between  the  radar  reflectivity  Z  and  pre- 
cBH3b  Mexmy  paaHOJioKaimoHHOM  oTpaxcaeMocTbio  cipitations  intensity  /  without  additional 
oca&KOB  Z  a  nx  HHTeHCHBHocTbio  /.  information  about  parameter  N  (or  X). 
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Ha  npaKTHKC  npH  H3MepeHHH  HHTeHCHBHOCTH 
oca^KOB  PJI  cnoco6oM  nojiKByKrrcH  3MnHpHHec- 
KHMH  COOTHOUJCHHHMH,  6JIH3KHMH  K  (7)  [1], 
IIpH  HCcjie,aoBaHHH  norpeniHocTH  BbiHHCJie- 
HHH  HHTeHCHBHOCTH  A OXCAH  npH  npOH3BOJIbHOM 
3aaaHHH  3aBHCHMocTH  napaMeTpa  X(I)  hbmh 
6buiH  nocTpoeHbi  KpHBbie,  H3o6paxceHHbie  Ha 
pwc.l.  Pa36poc  waKCHManbHbix  norpeuiHocreH  oneHb 
BejiHK  —  caMaa  MajieHbKaa  norpeuiHOCTb 
d4lmax  =50%  mss  \(I),  a  caMaa  6onbinaa  51/mtnr=400% 

MSS  \(I). 


In  practice,  empirical  relations  close  to 
(7)  are  used  [1]  while  measuring  precipi¬ 
tations  intensity,  by  the  radar  method. 

In  order  to  evaluate  errors  in  the 
intensity  calculations  arising  from 
arbitrary  choice  of  X(I)  dependences, 
we  have  drawn  curves  shown  in  Fig.  1. 
Dispersion  of  maximum  errors  is  too 
large.  The  smallest  error  is  54/BMX=50 % 
for  X4(J),  and  the  largest  is  51//rwx=400% 
for 


PhC.  1.  3aBHCHMOCTb  3HaHeHHfl  norpeillHOCTH  6  OT  HHTeHCHBHOCTH  / 
Fig.  1.  Dependence  of  error  5  versus  intensity  / 


H3  nojiyneHHhix  pe3ynbTaioB  cjieayeT,  hto  npH 
HCnOJlb30BaHHH  3MIIHpHHeCKOrO  COOTHOUieHHH 
MSI  OlteHKH  HHTeHCHBHOCTH  AOX<A3  no  H3MepeH- 
Hoft  paAHOJioKaxiHOHHOH  OTpaxcaeMocm  norpem- 
hocth  Moryr  6bm>  oneHb  GojibiiiHMH. 

fljia  yMeHbmeHHH  waKCMMajibHOH  norpeuiHO- 
cth  Heo6xoAHMO  oahh  H3  napaMerpOB  cneicrpa 
pa3MepOB  xanejib  nojiynaTb  HenocpeACTBeHHO, 
nyreM  ero  H3MepeHHa  mss  Kaxcuoro  aoxcah  oa- 
HOBpeMeHHo  c  H3MepeHHeM  Z.  TorAa  CHCTeMa 
ypaBHeHHti  (5),  (6)  oAH03Ha*tHo  pemaeTca  otho- 
CHTeAbHO  Z,  I  h  H3MepaeMoro  napaMeipa  h  no- 
rpeuiHocTb  cymecTBeHHO  yMeHbinaeTca. 

fljw  nojiyqeHHa  AonojirarrejibHoft  HH(J)opMaiiHH 
o  cnexipe  pa3MepoB  xanejib  npH  paanojioKauHOH- 
hom  30HAHpoBaHHH  Mereoo6pa30BaHHft  Moryr  6bra> 
HCnQJIb30BaHbI  nOAHpH3aiTHOHHbie  H3MepeHHH  [5]. 
Maine  Bcero  H3MepaeMbiM  nojiHpH3aiiHOHHbiM  na- 
paMeTpoM  HBjraeTCH  oTHomeHHe  ypoBHew  axo- 
CHmaiioB  npH  BepracajibHoft  h  ropH30HTajibHOH 
nojuipH3auHHX  HajiyneHHH,  rax  Ha3biBaeMaa  ah(J)- 
(hepeHHHaJibHaH  pazmoAOKariHOHHaH  orpaxcaeMocrb. 
npH  3tom  AonycKaror,  hto  Bee  xaruiH  opHemwpo- 
BaHbi  crporo  ropH30HTarn>Ho,  T.e.  a  -  yraji  Mex<Ay  op- 
tom  nojiHpH3airHOHHoro  6a3Hca  h  npoeKimeH  6onb- 
nioH  nonyocH  3JuiHncoHAa  Ha  ruiocKocrb  6a3Hca 


It  follows  from  the  results  obtained 
that  errors  can  be  very  large  when  the 
empirical  relation  is  used  to  estimate  the 
rain  intensity  with  using  the  measured 
radar  reflectivity. 

In  order  to  decrease  the  maximum  error, 
one  of  the  drop  size  spectrum  parameters 
should  be  measured  for  every  rain  measu¬ 
rement  directly  and  simultaneously  with 
measuring  Z  In  such  a  case,  the  equations 
set  (5),  (6)  can  be  unambiguously  solved 
relatively  to  Z,  /  and  measured  parameter, 
so  that  the  error  decreses  essentially. 

Polarization  measurements  may  be 
used  for  extracting  additional  informa¬ 
tion  on  the  drop  size  spectrum  [5],  The 
most  often  measured  polarization  para¬ 
meter  is  the  ratio  of  vertically  and  hori¬ 
zontally  polarizes  echo-signals  (so  called 
differential  radar  reflectivity).  In  this 
case,  one  can  suppose  that  all  drops  are 
horizontally  oriented,  i.e.  a  (angle  between 
the  polarization  basis  orth  and  projection 
of  the  large  ellipsoid  semiaxis  on  the  basis 
plane)  is  equal  90°.  It  also  leads  to  some 
error  in  the  measurements.  We  estimated 
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paBeH  90°.  riosTOMy  b  npouecc  H3MepeHHH  bho- 
chtch  HeKOTopaa  norpeixiHocTb.  HaMH  6bura  npo- 
M3Be^eHa  oueHKa  norpeiiiHOCTH  H3MepeHHa  hh- 
TeHCHBHOcm  jxo>Km  mcto^om  nojrapHMeTpHH  £Jlfl 
pa3JMHHbix  .aHcnepcHH  yrjioB  a. 

Hjm  oueHKH  norpeiiiHOCTH  BbiSupaeM  MHTep- 
Bajl  B03M0)KHbIX  3HaiieHHM  d  -  .OHaMeTpOB  Ka- 
nejib,  paBHbiH  0,3  ...  6,0  mm,  h  pa36nBaeM  ero  Ha 
HeCKOJIbKO  3JieMeHTapHbIX  HHTepBaJIOB,  b  Ka)K- 
£OM  H3  KOTOpbIX  HaXOflHM  3KBHBaJTeHTH bl H  JX HB- 
MeTp.  flajiee,  3a^aeMca  KaKHM  jih6o  3HaneHHeM  N 
h  cooTBexci  Byiomw  m  3HaueHMeM  /.  Mcno/ib3ya  (6), 
paccHHTbmaeM  napaMerp  X  h  turn  Kaxcaoro  3Jie- 
MeHTapHoro  HHTepBana  onpe^eJiaeM  njioTHOcrb 
BepoHTHocTH  pacnpe/jeneHUfl  xanejib  no  pa3Me- 
paM  B  COOTBCTCTBH  H  C  (4). 

fljia  flankHeHmero  aHajnna  6buia  ncnojib3o- 
Baiia  KOMnbKyrepHaa  nporpaMMa  —  uncjieHHaa  mo- 
BeJib  PJI  KaHajia,  pa3pa6oTaHHaa  aBTOpaMH.  Oc- 
hobhoh  3aaa4en,  KOTopyio  npecjieaoBajin  aBTopbi 
npn  ee  coanaHHH,  HBJisuiocb  coaaaHwe  HHcrpyMeHTa, 
c  noMombio  KOToporo  moxcho  Mo^eBHpoBarb  Ta- 
KHe  peanbHbie  cnryannH,  KaK  parmanoKauMOHHoe 
30HanpoBaHne  Mexeoo6pa30BaHHH,  MopcKon  h  3eM- 
hom  noBepxHOCTH ,  rpynnoBbix  nenew,  uejien,  coH3- 
MepnMbix  c  3JieMeHTOM  npocxpaHCTBeHHoro  pa3- 
peineHHH  JioKaropa,  h  t.r. 

rpa(})HK  3aBHCHMOCTM  BbTHMCJieHHOM  BejIHHH- 
Hbi  oxHOCMxejibHOM  cpeBHeKBarq)aTMHecKOH  no- 
rpeillHOCTH  H3MepeHHH  HHTeHCHBHOCTH  JXO'jKJW  (D) 
ot  cpe/tH eKBajipaTHM e ckoxo  oxKJioHeHHH  yrjioB  a 
noiaoaH  Ha  pwc.  2. 


an  error  of  the  rain  intensity  in  measure¬ 
ments  with  using  the  polarimetric  tech¬ 
nique  for  different  dispersions  of  a  angle. 


To  estimate  the  error,  we  choose 
the  interval  of  possible  drop  diameters 
d  (0,3  to  6,6  mm),  and  divide  it  into 
several  elementary  intervals;  then  for 
each  intervals  we  found  the  equivalent 
drop  diameter.  Further,  we  assign 
specific  values  of  N  and  /.  Using  (6), 
we  calculate  parameter  X  and  determine 
drops  distribution  density  by  size  in 
accordance  to  (4)  for  each  elementary 
interval. 

For  the  following  analysis,  a  PC 
software  (numerical  model  of  a  radar 
channel)  was  developed  by  the  authors. 
The  main  purpose  of  the  authors'  soft¬ 
ware  was  to  create  a  tool  which  could 
simulate  such  real  scenarios  as  radar 
sounding  of  weather  objects,  sea  and 
land  surfaces,  multiple  target,  targets 
comparable  with  radar  resolution  cell 
and  so  on. 

Figure  2  shows  the  dependence  of 
the  calculated  relative  standard  error 
of  the  rain  intensity  ( D )  estimate  on 
standard  deviation  of  a  angle. 


Phc.  2.  rpa(J>HK  3aBUCHMOCTH  oTHocHTenbHOH  norpeiiiHOCTH  D,  %  OT 
cpeaHeKBfmpaTHHecKoro  otkjiohchhh  yniOB  a 
Fig.  2.  Dependence  of  ratio  error  D,%  versus  standard  deviation  of  a  angles 

B  pe3yjibTaxe  npoBeacHHoro  Mccjie/noBaHMB  no-  The  given  investigations  have  shown 
Ka3aHO,  hto  npeHe6pe;sceHHe  xaoTHHHOcTbio  opH-  that  neglecting  the  chaotic  character  of 
eHTaimn  Kanejib,  MO>KeT  npHBOAHTb  K  ouiHdKaM  B  drops  orientation  may  lead  to  errors  of 
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H3MepeHHH  HHieHCHBHOCTH  £0 )K£H.  OaHUKO  B03- 
Moaom  norpeixiHocTb  b  B3hhom  cjiyuae  3HauM- 
TejibHo  MeHLiue,  MeM  npH  Hcri0Jib30BaHHH  PJT  cno 
co6a  6e3  npH&aeqemra  nojiMpHMerpHH. 

Hjw  cpaBHeHHH  norpeuiHOCTH  H3MeperoiH  aox- 
m.  pamiOJTOKaUHOHHblM  MeTO^OM  H  MeTO^aMH  c 
npMBJieMeHHeM  noAHpHMeTpHH,  HaMH  6bijio 
Hcnojib30BaHO  4HCjieHHoe  MOAejiHpoBaHHe.  Hc- 
nojib3y5i  pacnpe^ejieHHe  xanejib  no  pa3MepaM, 
6jiH3Koe  k  peajibHOMy,  HeoSxoAHMo  no  (1)  h  (2) 
onpenejiHTb,  cooTBeTCTBeHHO,  «HCTHHHyio»  HH¬ 
TeHCHBHOCTb  JXO^m  H  «MCTHHHyK)»  PJI  OTpaXH- 

eMocxb  X. 

CpaBHHM  nonyneHHoe  3HaueHHe  mneHCHB- 
hocth  c  Han6oJiee  Macro  HcnoJib3yeMMM  smiih- 
pHMecKHM  cooTHomeHneM  ruitf  pacMcra  I  no  H3- 
MepenHOH  Z 


the  rain  intensity  measurement.  However, 
the  possible  error  in  the  given  case  is 
much  smaller  than  in  the  measurements 
without  using  polarimetry. 

In  order  to  compare  errors  arising 
in  the  rain  measurements  using  the  radar 
method  and  polarimetric  methods,  we 
have  made  numerical  simulation.  Using  a 
drops  size  distribution  close  to  real  one, 
it  is  necessary  to  calculate  «true»  rain 
intensity  and  «true»  radar  reflectivity  X 
by  (1)  and  (2),  correspondingly. 

Let  us  compare  the  calculated 
intensity  with  the  empirical  relation, 
which  is  most  often  used  for  calculation 
of  /  value  by  measured  Z 


Z  =  200-/16. 


(8) 


B  aaHHOM  cuyuae  rrorpeiimocTb  BbiMHCJieHMn 
HHTeHCHBHOCTH  AO*AS  COCTaBJIfleT  60-80%  (b 
3aBHCHM0CTH  ot  BH#a  pacnpeAeAeHHH). 

Tenepb  paccHHTaeM  HHTeHCHBHOCTb  aojkah  c 
npHBJieueHneM  nojrapnMeTpHH.  JJjin  stoto  Heo6- 
xoahmo  nepecMHTarb  Bbi6paHHbin  cneKTp  pac- 
npeaeneHHM  c  yueTOM  ajumncoHAHocTH  xanejib 
(b  KauecTBe  HcxoAHoro  pa3Mepa  BbibnpaeM  Bep- 
TnKajibHbiH  pa3Mep  Kanejib).  Mcnojib3ya  nojiyueH- 
HbiM  cnejcrp,  paccMMTbiBaeM  paaHonoKauHOHHyjo 
QTpaxaeMOCTb  no  (2)  h  4>aicrop  (J>opMbi 


In  the  given  case,  the  error  of  the  rain 
intensity  calculation  is  60-80%  (depen¬ 
ding  on  the  distribution  kind). 

Now,  let  us  calculate  the  rain  intensity 
with  using  polarimetry.  For  this  purpose 
we  need  recalculate  the  chosen  spectrum 
of  distribution  considering  the  ellipsoid 
form  of  drops  (as  the  initial  size  we  use 
the  drops  vertical  dimension).  Using  the 
spectrum  obtained,  we  calculate  the  radar 
reflectivity  (2)  and  the  form  factor 


p  —  Zv/ZH.  (9) 

B  HaniHx  paiiHHx  ncoieaoBaHHMX  noKa3aHO,  mto  In  our  earlier  investigations  it  was 
HHTeHCHBHOCTb  ao ran  (c  aimpoKCHMauHeM  cneK-  shown  that  the  rain  intensity  (when  the  drop 
Tpa  pa3MepoB  pacnpeaejieHueM  Mapmajuia-  size  spectmm  is  approximated  by  Maishall- 
IlajibMepa)  mojkho  onpeaejiHTb  no  <|)opMyjie  Palmer  distribution)  can  be  found  as 


/  = 


1.55  10"5  ^ 

(1.03-p)2'5'  ’ 


(10) 


IIorpemHocTb  bbimhcjichha  b  auhhom  cjiy- 
uae  He  npeBbiinaeT  30-40%,  b  3aBHCHM0CTH  ot 
BHfla  pacnpe^ejieHHH. 

TaKHM  o6pa30M,  b  AomiaAe  humh  npoaHajiH- 
3HpOBaHbI  OCHOBHbie  HCTOMHHKH  nOTpeiHHOC- 
TeH  npH  H3MepeHHH  HHTeHCHBHOCTH  AO)KAH. 
riOKa3aHO,  MTO  MeTOAbI  H3MepeHHH  C  npHRJieMe- 
HHeM  IlOJIHpHMeTpHH  n03BOJIHK)T  CyiUCCTBCHHO 
CHH3HTb  BejIHMHHy  3THX  nOTpeiHHOCTeH. 


In  this  case,  the  calculations  error 
does  not  exceed  30-40%,  depending  on 
the  distribution  kind. 

Thus,  the  main  sources  of  errors  of 
the  rain  intensity  measurements  have 
been  analyzed  in  the  paper.  It  is  shown 
that  the  methods  using  polarimetry  allow 
to  essentially  decrease  the  errors. 
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XapaicrepHbiM  njw  KopoTKOBojiHOBoro  (KB) 
pa^HOKaHajia  BBJiaeTca  MHorojiyueBaa  HHTepcjie- 
peHUHB,  KOTopaa  npHBo^HT  k  rjiy6oKHM  3aMHpa- 
hhhm  CHrHajioB,  cHiDKaa  OTHOixieHHe  cHrHaji/ 
inyM  h,  cjie^oBaTejibHo,  aocroBepHocTb  nepe/ra- 
mh  cooSmeHHH.  HacrHbiM  cjiyqaeM  HHTepcJiepeHLtH- 
OHHblX  3aMHpaHHH  CHTHaJIOB  HBJiaJOTCfl  nojiflpH3a- 
UHOHHbie  33MHpaHHH  [1]  npHHHHa  KOTOpbIX 
3aKJnoaaerca  b  noBoporc  mocKocm  nojiapH3aiimi 
bojihli  npH  ee  pacripocipaHeHHH  b  aHH3orponHOM, 
Heo^Hopo^HOM  cpeae  b  HanpaRnemiH  chjiobmx  jih- 
hhm  MarHHTHoro  nojia  3eMJiH.  llojiapH3auMOHHbie 
3aMHpaHH«  Ha6jnoaaiOTCH  peace  HHTep<})epeHUH- 
oHHbix  (b  10...  15%  Bcex  cjiyuaeB  [2]),  o/maxo  hx 
yneT  npH  opraHH3amm  cbjbh  HMeeT  hbho  Bbipa- 
aceHHyio  npaiemHecKyio  HanpaBJieHHocrb. 

PaccMOTpHM  H3MeHeHHe  nojiapH3auHH  H3Jiy- 
uaeMoft  BOjiHbi  b  HecTaijHOHapHOH  AHcnepmpy- 
iomeH  aHH30TponHOM  cpe^e.  M3BecTHo  [3-6],  hto 
BpameHHe  iuiockocth  nojrapH3aiiHH  paaMOBOJDi  b 
HOHoc(])epe  o6ycnoBJieHO  hx  m  arHHTOH  o  hh  mm  pac- 
meiuieHHeM  Ha  ofibiKHOBeHHyio  I{  h  Heo6biKHo- 
BeHHyio  /2  KOMnoHeHTbi ,  b  o6meM  cnyqae  c  aji- 
JlHUTHHeCKOH  IIOJIflpH3aUHeft.  CKOpOCTb  BpameHHH 
rnaBHOH  och  ajumnca  nojrapH3anHH  npocipaHciBeH- 
hoh  BOJiHbi  3aBHCHT  ot  yma  Meacoy  TpaeicropHeH 
paaHOjiyqa  h  bcktopom  HanpaaceHHocrH  reoMaraHT- 
Horo  nojia,  or  pafioueH  uacrora  h  ot  pacnpe^ejie- 
HH3  aneiapoHHOH  KOHueHTpaitHH  b  HOHocfJiepe.  Yrm 
noBopora  ruiocKOcm  nojiapH3aimH  npHHHMaeMbix 
pa^HOBOJiH  npjiMO  nponopuHOHaneH  pa3Hocm  (jia- 
30Bbix  nyreH  o6biKHOBeHHoro  h  HeofibiKHOBeHHo- 
ro  Jiyueft.  ZLia  TpaeicropHH  HH^HBiutyajibHoro  mojxsl 
H  npH  noqTH  OflHHaKOBbIX  3aTyxaHHHX  MarHHTO- 
MOHHblX  KOMFIOHeHT  B  HOHOC(J)epe  H3MeHeHHe 
nonapM3auHH  bo  BpeMeHH  npHBO^HT  k  nepe/ro- 


The  multipath  interference  is  typical 
for  short  wave  (HF)  radio  channel,  and 
it  leads  to  deep  signal  fadings  that  reduces 
the  signal -to-noise  (SN)  ratio  and,  hence, 
the  reliability  of  information  transfer.  Po¬ 
larization  (Faraday)  fadings  [1]  are  spe¬ 
cific  case  of  the  interference  signals  fading. 
The  reason  of  this  effect  consists  in  rotation 
of  EM  wave  polarization  plane  during  its 
propagation  through  anisotropic  non- 
uniform  medium  along  the  Earth  magnetic 
field  lines.  The  polarization  fadings  are  less 
observed  than  the  interference  fadings 
(10...  15%  of  all  cases  [2]),  however  their 
account  in  communications  systems  is  of 
large  importance. 

Let  us  consider  changes  of  radiated 
wave  polarization  in  non-stationary  dis¬ 
persive  anisotropic  medium.  It  is  known 
[3-6]  that  rotation  of  radio  waves  pola¬ 
rization  plane  in  ionosphere  is  caused  by 
their  magnetoionic  splitting  into  ordinary 
/j  and  extraordinary  /2  components, 
generally  with  elliptical  polarization. The 
rotation  velocity  of  the  main  axis  of  spatial 
wave's  polarization  ellipse  depends  on  angle 
between  radiobeam  path  and  vector  of 
geomagnetic  field  strength,  operation 
frequency  and  distribution  of  electron 
concentration  in  the  ionosphere.  The 
rotation  angle  of  the  polarization  plane  of 
received  radiowaves  is  directly  proportional 
to  difference  of  phase  trajectories  of  the 
ordinary  and  extraordinary  beams.  For 
individual  mode  path  and  almost  equal 
attenuations  of  the  magnetoionic  compo- 
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BaHHK)  MaKCHMyMOB  H  MHHHMyMOB  ypOBHH  CMr- 
najia,  KOTopbie  onpenejiaioTCH  bcjihhhhoh  yrjia 
Meagiy  BeKTopoM  h an pn>KeH hocth  ojieKTpHHec- 
Koro  noJiH,  HaBOWMoro  b  npneMHOH  aHTeHHC, 
h  nojiHpH3auweM  npHxojmmero  pa/mocnrHajia. 
IjiybnHa  MHHHMyMOB  npHHHMaeMoro  cnmajia 
3aBHCHT  OT  CTeneHH  JIHHeHHOCTH  nOJIflpH3aUHH 
npHXOJIBmHX  paHHOBOJIH.  3t0  HBJHieTCH  CJie^CTBH- 
eM  Toro,  hto  cyMMa  pannoBOJiH  c  KpyroBOH  no- 
JIBpH3aiXHeM  H  C  riOHTH  O^HHaKOBBIMH  aMFUIHTy- 
naMH  o6pa3yeT  bojihbi  c  noji5ipH3aHHeH,  6jih3Koh 
K  JIHHeHHOH. 

PiHTeHCHBHocTb  pe3yjibTHpyioinero  cnmajia 
MO^Ket  6biTb  onpeaeJieHa  b  BHAe  [3] 


nents  in  the  ionosphere,  the  polarization 
change  in  time  leads  to  alternation  of 
signal  maxima  and  mmima,  which  de¬ 
pend  on  field  vector  E  induced  in  the 
receiving  antenna  and  polarization  of 
incident  radio  signal.  The  minima  depth 
of  the  received  signal  depends  on  polari¬ 
zation  linearity  degree  of  received  radio 
waves.  It  is  a  result  of  the  fact  that  sum  of 
circularly  polarized  radiowaves  with  al¬ 
most  equal  amplitudes  form  the  waves 
which  polarization  is  close  to  linear. 

The  resulting  signal  intensity  can  be 
written  as  [3] 


rAe  (p  =  ®  j(n2  -n{)ds  -  pa3HOCTb  <J)a30Bbix  nyren 
obbIKHOBeHHOH  H  HeoSblKHOBCHHOM  BOJIH.  B  CJiy- 
nae,  Kor^a  iuia3MeHHafl  nacTOTa  co^,  co,  Ba- 
pHaiiHH  pa3HocTH  (j>a30Bbix  nyren  onpeACJnnoT- 
ch  cooTHomeHHeM  [4] 


where  cp  =  — J {n2-nx)ds  is  difference  of 
phase  trajectories  of  ordinary  and 
extraordinary  waves.  When  the  plasma 
frequency  co^  «:co,  these  variations  are 
defined  by  relation  [4] 


Acp  «  2-104  - 


AN-Z  +  jV-AZ 


r^e  Z  -  AJiHHa  nyTH,  npoxoAHMoro  bojih oh  b 
HOHociJjepe,  N  =  N(AZ). 

•  Ecjih  ynecrb,  hto  Annua  nyrn  b  HOHoc<i)ep- 
hom  cjioe  cocraBJiaeT  Z  —1000  km,  pabonan  na- 


where  Z  is  the  wave's  ionospheric  path 
length,  N  =  A'(AZ). 

If  the  path  length  in  an  ionospheric 
layer  equals  Z^IOOO  km,  operation 


cTara  /•«15Mru,  H~  2104  cm  ’, to <j>jiyKTyamw  frequency M5  MHz,  //*2-10  cm  .the 
4H3M  bojihw  onpeflejifliOTCH  cooTHomeHHeM  [3]  phase  fluctuations  are  defined  as  [3] 


Aq> «  2  •  1 02  • 

MeAneHHbie  3aMHpaHna  KB  cnrHajioB  obycnoB- 

JieHbl  nOJiapH3aJUHOHHblMH  3aMHpaHHBMH  KOpOT- 
KHX  BOJIH  npH  AH4)paKUHH  Ha  KpyTlHOMaClXITabHblX 
HeoAHOpoAHOcrax  cpeAbi  h  b  pe3yjibTaTe  MejyieH- 
Hbix  BapnaiiHH  Bbicoxbi  orpaxeHHa  bojih.  Hanpn- 
Mep,  ecjiH  Z  =  100  km  h  A N/N  >  2  1 0J  *  AZ 
«1  km  h  MAZ)k105  cm’3,  to,  Hcnojib3ya  (2), 
nojiyMHM  A<p  >  1 .  CneflOBarejibHo,  Syayr  Ha6iiro- 
aarbca  MejyieHHbie  BapnauHH  npHHH  MaeMbix  cht- 
HajiOB  c  xapaicrepHOH  juiHTejibHOCTbio  nopflAKa 

t«10mhh. 

Ah3JIH3  3KcnepHMeHTajibHbix  HccjieAOBaHHH 
Ha  Tpaccax  HaxjioHHoro  30HAHpoBaHH5i  Eoy3MeH- 
CTeH(J)opa  h  JIo66oK-CxeHct)opA  [6]  noKa3brea- 
eT,  HTO  b  AHeBHbie  Hacbi  cpeAHfla  «BpeMeHHaa 
CKOpOCTb»  BpameHHH  nJIOCKOCTH  nojmpH3auHH 
Ha  o6enx  Tpaccax  juih  Tpex  nccjieAyeMbix  nac- 


The  slow  fadings  of  HF  signals  are 
caused  by  polarization  fading  of  short 
waves  diffracting  on  large-scale  medium 
inhomogeneities  and  by  slow  variations 
of  the  waves  reflection  height.  If  Z  *  100 
km  and  A  N/N  >  2-102,  or  AZ  «1  km 
and  jV(A2)»105  cm'3,  than  we  get  Acp  >  1 
by  using  (2).  Hence,  the  slow  variations 
of  received  signals  will  be  observed  with 
typical  duration  of  order  x  «10  min. 

Analysis  of  the  experimental  investiga¬ 
tions  on  slope  paths  "Bousmen- Stanford 
and  "Lobbok- Stenford"  [6]  shows  that  in 
the  afternoon  average  "time  velocity"  of 
the  polarization  plane  rotation  on  both 
paths  for  three  operation  frequencies  is 
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tot  cocTaBjmeT  nopantKa  own  mhhhmym  3a  2  mh- 
Hyrbi.  B  HOHHbie  nacbi  cpejmaa  «BpeMemm  cko- 
pocrrb»  BpameHHH  ruiocKocm  nojiapH3aiiHH  cocraB- 
jwer  oahh  MHHMMyM  3a  10  MHHyr.  Hpn  HaOjno^eHHH 
cHrnajioB  HenpepbiBHoro  HajiyueHna  ycTaHOBjie- 
HO,  TOO  B  BHeBHOe  BpeMfl  «BpeMeHHaq  CKOpOCTb» 
noBopora  ruiocKocm  nojinpH3auHH  MeHaerca  b  npe- 
aeaax  0,33...  1 ,25  ofioporoB  b  MHHyry  [6].  Hoqbio  3a- 
BHCHMOCTb  riOBOpOTa  IUIOCKOCTH  nOJiapH3ai]JfH  OT 
nacroTbi  Bbniie,  neM  zmeM,  b  1-4  pa3a. 

CnejryeT  OTMeraTb  [7,  8],  too  no;iapH3auHa 
paaHOBOBH,  OTpaaceHHbix  ot  pearibHoft  hohoc- 
4>epbi,  HeycroM4HBa.  ICiaccHuecKaa  MarHHTonoH- 
Haa  Teopua  [4],  cnpaBejyiHBaa  npH  pacnpocTpa- 
HeHHM  pamioBojiH  b  oflHopoaHoft  cpeae,  He 
o6i>acHaeT  3(J)4>eKTbi  jrenojiapH3aHMM  npw  oTpa- 
>KeHHH  ot  HOHoc<j)epbi  c  HeoaHOpoaHocTaMH 
3JieKTpoHHOH  KOHueHTpaiiHH.  B  [7]  noKa3aHa  B03- 
mokhoctb  npeacraBJieHHa  wccaeayeMoro  nojin 
b  BHae  cyMMbi  cpeaHero  nojin,  a  Taoce  nojiapn- 
30BaHHoro  («p»)  H  HenoaapH30BaHHoro  («np») 
myMOB,  oOycaoBJieHHbix  pacceaHHeM, 


about  the  one  minimum  per  two  minutes. 
At  night,  the  average  "time  velocity"  of 
the  rotation  equals  to  one  minimum  in 
10  minutes.  While  observing  CW  signals, 
it  was  found  that  in  the  afternoon  the 
"time  velocity"  varies  from  0,33  to  1,25 
revo  [6].  At  night,  the  rotation  dependence 
on  frequency  is  1-4  times  higher  than  in 
the  afternoon. 

It  should  be  noted  [7,  8]  that  po¬ 
larization  of  radiowaves  reflected  from 
real  ionosphere  is  unstable.  The  classic 
magnetoionic  theory  [4]  is  valid  for 
wave  propagation  in  homogeneous 
medium,  and  does  not  explain  the 
effects  of  waves  depolarization  reflected 
from  ionosphere  with  inhomogeneities 
of  electron  concentration.  In  [7],  an 
opportunity  for  the  field  to  be  presented 
as  a  sum  of  average  field  and  polarized 
(V)  and  non-polarized  ("np")  noises 
caused  by  scattering  is  shown 


E  =  (E)  +  gf+g^. 


(4) 


IlojwpH3auHa  nepBbix  aityx  hjichob  b  npaBofl 
Hacra  (4)  o/iHuaKOBa,  Tax  icaic  ,neno:iHpn3annH 
npH  paccenHHH  Ha  xpynHbix  (/ »  X)  Heo;mo- 
Pobhoctbx  Majia.  CnenoBaTejibHO,  ocHOBHaa  qacrb 
pacceaHHofi  BOJIHbl  ofijia^aer  toh  xe  nojiapn- 
3aitHeH,  too  h  cpe/mee  nojie.  Ko3(J)(f)HirHeHT  ne- 
I10JWpH3aiJ(HM  BOJIHbl,  paBHbIM  OTHOUieHHK)  3Hep- 
TYiW  Hen0JWpH30BaHH0H  KOMnOHeHTbl  K  3HeprHH 
Bcefi  BOJIHbl,  HMeeT  BUZt  [7] 


Polarizations  of  the  first  two  terms 
in  the  right  side  (4)  are  equal,  since 
the  depolarization  while  scattering  on 
large  (/ »  X)  inhomogeneities  is  small. 
Hence,  the  main  part  of  the  scattered 
wave  has  the  same  polarization  as  the 
average  field.  The  depolarization  factor 
of  the  wave  takes  the  form  [7] 


d  = 


(x/iy 


2it4(e)V 


1  +  4 


I  P 

1m 


\2 


1  + 


°l  J 

3^ecb  rrapaMeTpbi  Here  parameters 

k>  1 ’  (£)’  P2H<E)|7(k|2),  Po~{Ey)/{Ex) 


(5) 


ST©  wvma.  BOJIHbl,  pa3Mepbi  Heojmopojmocm,  are  wavelength,  inhomogeneity  size  mean 
cpe^Hee3HaqeHHeaH3jieicrpHHecKOHnpoHHuaeMo-  permittivity,  perturbation  characteristic 
cth,  xapaKTepHCTMKa  B03MymeHH0CTH  pacceaH-  of  the  scattered  signal,  and  phasor  of  the 
Horo  CHraajia  h  <}>a3op  cpejmero  nojia,  coot-  average  field.  Moreover  1/B2«C  where 
BeTCTBeHHo.  nPH  3tom  l/p2«C,  rfle  /p 


C  =  ti2 


(6) 


AHajiH3  BbipaxeHHH  (6)  noKa3biBaeT,  too 
HHTeHCHBHocTb  ochobho#  uacra  pacceaHHoro 
nojm,  onpeaejiaeMoro  Kax  1/p2,  H3MeHaeTca 
o6paTHo  nponopuHOHajibHo  cpejmeMy  3Hane- 
HHK)  flHSJieKTpHHeCKOH  npOHHUaeMOCTH 


The  analysis  of  (6)  shows  that  in¬ 
tensity  of  main  part  of  the  scattered  field 
(1/P2)  changes  inversely  to  mean  per¬ 
mittivity  (ej .  Thus,  the  depolarization  d 
(5)  varies  inversely  to  (e)2 .  On  the  basis 
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IIpH  3T0M  fleno;iflpH3auHfl  d  (5)  MeHaeTCH  o6~ 
parao  nponopuHOHanbHo  (zj  .  Ha  ocHOBaHHH 
npoBeAeHHoro  aHajiH3a  mo>kho  caejiaTb  BbiBoa, 
4TO  3a  ,aenojiflpH3auHK)  orpaxeHHOM  ot  hohoc- 
cj)epbl  BOJIHbl  OTBeTCTBCHHa  o6jiaCTb,  npHMblKa- 
iomaa  k  ypoBHio  oTpaaceHna.  TojimHHa  3toh  o6- 
jiacTH  flOJiacHa  6biTb  cymecTBeHHO  MeHbiue, 
ueM,  HanpMMep,  npH  (JwiyKTyauHflx  (J)a3bi.  Gne- 
nyer  o6parHTb  BHMMaHHe  n  Ha  tot  <}>aKT,  hto 
npn  oTpaxeHHH  ot  HeonHopo/tHocTefi  H0H0C(j>e- 
pbl  6ojlbliIHe  OCH  3JUIHnCOB  nOJIHpH3aUHH  o6bIK- 
HOBeHHOH  H  HeoGbIKHOBeHHOH  BOJ1H  He  HBJIfl- 
IOTCH  B3BHMHO  nepneHAHKyjiapHbiMH  [7]. 

AaanTMBHoe  ynpaBJieHHe  nojiapimiuieH  na- 
^aiomeft  BOJiHbi  MO^KHO  peajiH30BaTb  nyreM  ne- 
pecTpOHKH  qacroTbi  H3JiyqaeMoro  cnrHaaa.  FIpH 
nepecTpoftKe  uacroTbi  nepejiaTqwKa  pajXHocraH- 
UHH  npOHCXOflHT  nOBOpOT  nJIOCKOCTH  nOJiapH3a- 
UHH  BOJIHbl  Ha  yroj!  [5] 


of  the  niven  analysis,  it  is  possible  to 
conclude  that  depolarization  of  the  wave 
reflected  from  ionosphere  is  caused  by 
area  adjoining  to  the  reflection  level.  The 
area  thickness  should  be  much  less  than, 
for  example,  under  phase  fluctuations. 
It  should  be  noted  that  reflection  from 
ionosphere  inhomogeneities  leads  to 
effect  when  the  main  axes  of  the 
polarization  ellipses  of  ordinary  and 
extraordinary  waves  are  not  perpendi¬ 
cular  [7]. 

An  adaptive  polarization  control  of  the 
incident  wave  can  be  realized  by  frequency 
adjustment  of  sounding  signal.  While 
adjusting  the  frequency  of  broadcasting 
station  transmitter,  there  is  the  polari¬ 
zation  plane  rotation  at  the  angle  [5] 


Q  =  k^(Z2-Zl), 


rue  k=2%f/c  -  BOJIHOBOe  HHCJIO,  C  -  CKOpOCTb 
cBeTa,  A Z=  Z2-Z{  -  junwa  nyra,  npoxouwMoro 
BOJIHOH  B  HOHOC(J)epe,  4=0.5(«1-«2),  n{  2  -  K03(})- 
(JmuHeHT  npejioMJieHHtf  oSbiKHOBeHHOH  h  Heo- 
6bIKHOBeHHOH  BOJIHbl,  COOTBeTCTBeHHO.  B  JiaH- 


where  k=2nf/c  is  wave  number,  c  is  light 
speed,  AZ  =  Z2-Z{  is  ionospheric  path 
length,  ^=0.5(Wj-«2),  «12  is  the  refrac¬ 
tion  index  of  ordinary  and  extraordinary 
waves.  In  this  case 


hom  cjiyuae 


rae 


N 


_ 1__ 

1  +  / (0  * 
where 


<4  = 


gW 


M-m.  h 

m 


e  =  -1,6T019  Kji  -  3apa,U3JieicrpoHa,  m= 9, 1T0 31  - 
Macca  ajieKTpoHa,  b0=1/36tt-  10  9  O/m  -  a6cojnor- 
HcW  rau3JieKTpMMecKaa  npommaeMocTb  cbo6o/xho- 
ro  npocTpaHCTBa,  p=47tT0‘7  T/m  ~  aOcojnoTHaa 
MarHHTHaa  npoHHiraeMOCTb  cBo6ojmoro  npo- 
cTpaHCTBa,  Hol*0..A0  A/m  -  MoayjibHoe  3Haue- 
Hwe  npoaojibHon  cocTaBJimomeH  Beicropa  Ha- 
npaxeHHOcTH  MarHHTHoro  nojia  3eMJiH.  Ha 
OAHOCKauKOBbix  Tpaccax  BeauuMHa  HQ[  MOXceT 
6bITb  paBHa  HyJIIO  TOJIbKO  Ha  OXZteJIbHOM  BeebMa 
MajioM  yuacTKe  Tpaccbi.  PacueTbi  noKa3bmaioT, 
uto  npn  AZ=  1000... 2000  km,  iV»10u...1012  m3, 
Hol*  10...12  A/m,  h  npw  /^10...15  Milt  njiocKocrb 
nojiapH3auHH  BOJiHbi  KB-,flHana30Ha  noBepHeT- 
c a  Ha  yroji,  He  MeHbuiHft  qeM  7t/2,  npH  nepe- 
CTpoflKe  Hecymefl  qacTOTbi  30Hjmpyiomero  cht- 
Hajia  npHMepHo  Ha  130  kTu.  fljra  KOHKpeTHOH 
Tpaccbi  jjaHHbiH  Anana30H  nepeerpoHKH  qacTO- 
Tbi  6yaeT  3HauHTejibHO  MeHbme. 


e=-l, 6-10-19  K1  and  m= 9, M0  31  are 
charge  and  mass  of  electron,  s0=  1/ 
36ti*10'9  F/m  is  the  absolute  permittivity 
of  free  space,  ji=47t-10'7  H/m  is  the 
absolute  magnetic  conductivity  of  free 
space,  Ho[&0..A0  A/m  is  modulus  of 
longitudinal  component  of  the  Earth  mag¬ 
netic  field  intensity  vector.  For  single¬ 
jump  paths,  Hol  value  can  be  equal  to 
zero  only  on  a  separate  small  section  of 
the  path.  For  AZ=  1000... 2000  km,  N * 
10ll...1012  m3,  Hol*  10...12  A/m,  and 
/M0...  15  MHz,  the  short  waves  polari¬ 
zation  plane  will  rotate  at  angle  more  than 
7i/2  while  adjusting  the  carrier  frequency 
of  the  sounding  signal  on  130  kHz.  For 
specific  path,  the  given  frequency  range 
may  be  much  less. 
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Ha  pHcyHKe  noica3aHa  crpyKTypHaa  cxeMa 
6a30B0H  pa^MocTaHUHH,  peajTH3yiomeM  aaariTHB- 
Hoe  ynpaMeHHe  nojiHpH3aiiHeM  KB  pa/moBOjiH. 


Figure  1  shows  block  diagram  of  the 
base  radiostation  realizing  the  adaptive 
polarization  control  of  short  radiowaves. 


Phc.  CTpyiaypHafl  cxeMa  6a30B0H  pa^HOCTauuHH:  1  —  hctomhhk  MH4>opMauHH,  2  — 

reHepaTop  J1HM,  3  -  3aaaiomHH  reuepaTop,  4  -  ynpaBJiHiomuH  reHepaTOp,  5  -  6jiok 
Horn  km,  6  -  cMecureJib,  7  -  npneMHbie  6jtokm,  8  -  (JjHJibTp,  9  -  ycwuHTejib 
moiuhocth,  10  —  ycMJTMTejib  pajiMO  uacTOTbi,  11  —  nepe^aiomaa  aHTeHHa,  12  — 
npueMHaa  aHTeHHa,  Info  —  naHHbie  fljui  noTpebureJiH  HH(})opMauHH 
Fig.  Block  diagram  of  base  radiostation:  information  source  (1),  chirp  generator  (2),  driving 
oscillator  (3),  control  oscillator  (4),  logical  block  (5),  mixer  (6),  receiving  units  (7), 
filter  (8),  power  amplifier  (9),  RF  amplifier  (10),  transmitting  antenna  (11),  receiving 
antenna  (12),  user  data  (Info) 


npHHimn  paboTbi  pa^HocxaHUMH  cocioht  b 
cneayiomeM.  TpexuacTOTHbin  kopotkobojihobhm 
paanocnmaji  pa3HOCHTCH  TpeMfl  nepecrpaHBaeMbi- 
mh  (})HJibTpaMH  Ha  Hecymeft  uacrore,  ycmiMBaer- 
ca,  MoztyjmpyercH  h  H3JiyqaeTca  b  npocrpaHCTBo. 
Cnmajibi,  npouiermme  HOHOc<})epy5  Ha  ipex  uac- 
Torax  nocrynaioT  Ha  bxou  npweMHOH  ameHHLi,  ycH- 
jiHBaiarcH  b  ycHjiHTejie  pa^HOMacroTbi  h  Bbwejia- 
Krrca  b  Tpex  npHeMHbix  nepecipawBaeMLix  <J)Hjn>Tpax. 
nouocbi  nporrycKaHHB  (j)HJibTpoB  pa3HocaTCfl  no 
Hacrore  Ha  BenHUHHy,  cooTBercmyioiuyio  nojiyne- 
pnoay  H3MeHeHM5i  aMiuimyzibi  npHHHMaeMbix  cht- 
HanoB.  C  Bbixo/ta  nepecrpaHBaeMbix  (J)HJibTpoB  npH- 
HHTbie  cwmajibi  nocrynaioT  Ha  Bxojct  npHeMHbix 
6jiokob.  CnrHa n  paccorjiacoBaHHH  BbipabaTbmaeT- 
ca  npH  cpasHeHHH  aMiuiHiyzr  npHHHTbix  cuma- 
jiob  b  6jiOKe  JiorHKH.  9tot  CHrHaji  (Jx)pMMpyeT  yn- 
paBJiniomee  HanpaxceHHe,  Koxopoe  nocrrynaeT  Ha 
ynpannaeMbiM  reHeparop.  YnpaEJiaeMbiM  reHepaTop 
yBejurniBaer  nacrory,  ecjiH  HanpJDKeHHe  paccor- 


The  radiostation  operation  principle 
consists  in  the  following.  Three-frequency 
HF  radio  signal  is  separated  by  three 
tuneable  filters  on  the  carrier  frequency, 
then  is  amplified,  modulated  and  finally 
radiated.  The  signals  passed  through  iono¬ 
sphere  at  three  frequencies  are  received 
by  antenna,  amplified  in  RF  amplifier  and 
selected  in  three  receiving  tuneable  filters. 
The  filters'  pass  bands  are  frequency  di- 
versed  corresponding  to  a  half-cycle  of 
amplitude  changes  of  the  received  signals. 
The  received  signals  at  the  tuneable  filters 
output  are  applied  to  input  of  receiving 
units.  As  a  result  of  comparison  of  the 
received  signals'  amplitudes,  the  error  sig¬ 
nal  is  produced  in  logic  uni.  This  signal 
forms  a  control  voltage  which  acts  on 
controllable  oscillator.  The  oscillator  incre¬ 
ases  or  decreases  its  frequency  if  the 
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jiacoBaHHH  HMeer  3HaK  «runoc»,  win  yMeHbuiaer,  error  voltage  is  "positive"  or  "negative". 
ecjiH  «MHHyc».  OrrmMajibHOH  cuHTaeTca  uacroTa,  The  optimum  frequency  provides  the 
npHKoropoficHmaabiKpaMH^  equal  amplitudes  of  "left"  and  "right" 

Hue  aMruimyabi  npH  MaKCHMaiibHOH  aMrunrryae  c  filters  and  maximum  amplitude  at  the 
BbEXQna  cpenHero  (jauibipa.  norpebmejib  MH^opMa-  output  of  "mean"  filter.  The  user  receives 
UHH  nomcmoueH  k  Bbixojiy  cpe^ero  <})Hjib7pa.  npoBe-  information  from  "mean"  filter's  output. 
zteHHaa  b  [9]  oueHKa  nonoxorrejibHoro  o^eicia  no-  The  estimate  of  a  positive  effect  made  in 
Ka3biBaer,  hto  npejtaoxeHHoe  ycrpoMCTBo  no3BQJiaer  [9]  shows  that  the  suggested  device  allows 
ysejiMUHTb  OTHomeHne  cHraan/uiyM  He  MeHee  ueM  b  to  increase  SN  ratio  more  than  twice  that 
2  pa3a,  hto  ofiecneuHBaer  crooKCHHe  BepoOTHoern  decreases  3  times  probability  of  the  infor- 
ouih6kh  nepeuauH  HH(J)opMaixHH  b  3  pa3a  mation  transfer  error. 

yBejiHHeHHe  orHomemin  C/UI  obecneuHBaeT  The  SN  ratio  increase  provides  trans- 
nepeaauy  zmcKpembix  coobmeHHH  no  Heycroi™-  fer  of  discrete  data  through  unstable 
Bowy  HOHOC(J)epHOMy  KaHany  c  BepoHTH octbio  He  ionospheric  channel  with  the  probability 
xy>xe  10'6  b  TeneHHe  ce30HHO-cyroHHoro  nmoia.  better  than  10  6  during  season-daily  cycle. 
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npueedena  Kpanvcax  xapaxmepucmuxa  Memodoe  The  brief  description  of  calculation  methods 

pacnema  paduoAOfcau,uombix  xapaxmepucmuK  mu -  of  radar  characteristics  of  standard  radar 

noebtx  men  cnootcuou  eeoMempimecKoii  (popMbi  u  oco-  targets  with  complex  geometry  and  peculiarities 

6emocmu  noAMpu3au,uoHHoii  cmpyxmypu  no  am,  pac-  of  their  scattered  fields' polarization  structure 

cenHHoeo  dambiMu  menaMii.  IIpoaHaAU3upoeaHbi  are  given  in  the  paper.  Scattering-absorbing 

pacceueafoute-nozAomafoufue  ceoiicmea  u3omponubix  properties  of  isotropic  and  anisotropic  perio- 

u  am3ompombix  nepuodmeacux  cmpytcmyp,  a  max-  dical  structures  and  also  microwave  antenna 

otce  obmeKameneu  aumem  CBH.  CtpopMynupoeaHU  domes  are  analyzed.  Prospects  of  the 

nepcnetcmueHbie  nanpaeneHUM  uccAedoeauuu.  research  are  formulated 

BfiefleHHe  Introduction 

IIpoeKTHpoBaHHe  h  pa3pa6oTKa  coBpeMeHHbix  Design  and  development  of  modem 

pa^ojioKaujiOHHbix  cHCTeM  (PJIC)  HeB03MO)K-  radars  is  impossible  without  a  prioiri 
hm  6e3  anpHOpHoro  3H3HHH  paAHOJioKaimoHHbix  knowledge  of  radar  targets  characteris- 
xapaicrepHCTHK  (PJIX)  uenew.  BMecre  c  TeM,  rrpH  tics  (RTC).  Besides,  in  order  to  lower 
pemeHHH  3a,aaM yMeHbuieHHa pa,HHOJioKaunoHHOH  radar  objects  visibility  (ROV)  it  is 
3aMeTHocTH  (YP3)  o^beicroB  cymecTBynyr  norpe6-  necessary  to  control  the  scattered  field 
hocth  b  ynpanneHHH  napaMeTpaMH  nojia  paccea-  parameters,  to  make  more  difficult  the 
HHa  b  MHTepecax  3arpyaueHHa  o6HapyxceHHH,  pac-  objects  detection,  estimation  of  their 
no3HaBaHHfl  (f)opMbi  h  onpejiejieHHa  pa3MepoB  form  and  dimensions.  Due  to  appearance 
oGbeicroB.  B  nocneziHHe  ronbi  b  cbh3H  c  noaaneHM-  of  new  effective  radars  with  polarization 
eM  HOBbix  3<}xi)eKTHBHbix  PJIC  c  nojuipH3anHOH-  selection,  practical  interest  to  studies  of 
ho n  cejieKUMen  B03poc  npaKmuecKHH  HHTepec  k  radar  objects'  polarization  characteristics 
H3yueHHio  nojiapH3auHOHHbix  xapaKTepHCTHK  and  devices,  which  control  the  EM  waves 
o6beKTOB  h  ycrpoHCTB  ynpaBJieHHH  pacceamieM  scattering,  have  grown.  The  mentioned 
ojieiopoMarHHTHbix  (3M)  bojih.  YKa3aHHbie  Bon-  problems  are  also  of  great  importance 
pocbi  HMeiOT  6ojibinoe  3HaneHne  Taoce  h  npH  while  designing  radars  for  environment 
pa3pa6oTKe  PJIC  HCCJieaoBaHHa  npupojmbix  cpeji.  exploration. 

PJI  xapaicrepHCTHKH  Tejia  «c(J>epa-KOHyc-  Radar  characteristics  of  ''sphere- 

c(t>epa»  c  HeoAHopojtHWM  noBepxHOCTHWM  cone-sphere"  body  having  non- 

HMne^ancoM  uniform  surface  impedance 

fl/ia  peuieHHa  nojioSHbix  3a^au  Hcnoab3yiOT  Methods  of  integral  equations  [1], 
MeTOjrbi  HHTerpajibHbix  ypaBHeHHH  [1],  4)H3nuec-  physical  optics  and  edge  modes  [2],  and 
kom  onTHKH,  KpaeBbix  bojih  [2],  aTaxate  Merojibi  methods  of  solution  for  anisotropic  [3] 
pemeHHH  3ajian  Ha  aHH30TponHbix  [3]  h  h3ot-  and  isotropic  [4]  periodical  structures 
ponHbix  [4]  nepMOjxnnecKMX  cTpyicrypax.  are  used  to  solve  the  above  problems. 
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PJ1  xapaKinepucmuKU  u  ocodennocmu  nojmpU3au,uoHHOu  cmpyumypbi 


B  npH&UGKeHHH  4>H3HHeCKOH  OITTHKH  C  HCnQJlb- 
30BaHneM  HMne^aHCHbix  rpaHHHHbix  ycjiOBHH  Jle- 
OHTOBHMa  b  [5]  6buiH  nojiyneHbi  BbipaxeHHa  turn 
nojw,  pacceHHHoro  tcjiom  «c<t>epa-KOHyc-c<i)epa», 
m  Hccjie^oBaHbi  PJ1X  aaHHoro  Tejia.  npH  3tom 
nojiaranocb,  hto  KaK  npn  E-,  Tax  h  npn  H-nojin- 
pH3auHH  xejio  oGjianaeT  HeoAHopo^HbiM  peaicmB- 
HblM  nOBepXHOCTHbIM  HMIieflaHCOM.  B  HaCTHOM 
cjiynae  nojiyneHHbie  BbipaxeHHH  coBnajiaiOT  c 
npe^cTaBJieHHbiMH  b  [2]  Ma  cjiynan  nueajibHo 
npoBozwmero  Tejia.  B  pe3yjibTare  npoBejteHHoro 
anajiM3a  PJIX  6buio  ycraHOBJieHo: 

-  H30Tp0IlHbIH  HeOAHOpoaHblH  IIOBepXHOCTHblH 
peaicrHBHbiH  MMne/xaHc  ripHBOAHT  k  nepepacn- 
peaejieHMio  bjiecrHmnx  ToneK  Ha  noBepxHocrH 
oObeoa  h,  Kax  cneacTBMe,  k  MCKaxeHMio  Jiene- 
cTKOBoft  cipyicrypbi  anarpaMMbi  o6paTHoro 
pacceHHHa  (flOP),  hto  no3BOjmeT  peajiH30BaTb 
flOP  c  Tpe6yeMOH  JienecncoBOH  crpyicrypoH; 

-  b  cjiynae  o/iHono3HiiHOHHOH  aoxaiiHH  aenojin- 
pH3auHM  pacceaHHoro  nojm  MMneaancHbiMH 
TejiaMH  BpameHHH  He  npoHcxoaur  npH  ycao- 
bhh,  hto  hx  pa3Mepbi  cymecrBeHHO  npeBbiuia- 
Kxr  jyiHHy  bojihm  301-mHpyiomero  cnmajia; 

-  HanOojiee  omyTHMoe  bjihahhc  HeojmopojrHBiH 
nOBepXHOCTHbIM  HMneaaHC  oKa3biBaeT  Ha  pac- 
CeHHHe  CHTHaJIOB  C  OTHOCHTeabHOH  UIHpHHOH 
Af/f0>\0%  (3to  b  6ojibiueri  creneHH  xapax- 
TepHO  jljm  CHTHaJIOB  C  BHyTpHHM nyabCHOH 
MoayaauHeM); 

-  HajiHHue  kpomok  y  KOHyca  co  cKpyraeHHOH 
BeptuHHOH  npHBoaHT  KaenoaHpH3aixHH  pacce¬ 
HHHoro  non*!  npw  HaKJioHHbix  yrnax  oSjiyne- 
hhh  h  k  cymecTBeHHOMy  B03pacTaHHio  ero 
3(jx})eKTOBHOH  noBepxHocm  pacceaHHH  (3ITP); 

-  zbih  yMeHbiueHHH  3TIP  kpomok  paanoJiOKa- 
UHOHHbix  ueaew  (PJILX)  rana  «KOHyc-c<})epa- 
naocKOCTb»  uejiecoo6pa3Ho  HcnoJib30BaTb 
HMneaaHCHbie  hjih  nomomaiomne  cTpyKTypbi 
He  Ha  Been  noBepxHOCTH  o&beKTa,  a  b6jih3h 
pe6ep  (4)eppHTOBbie  Hacajucn  hjih  pajmonor- 
jiomaiomHe  MaTepnajibi); 

-  nepcneKTHBHoe  HanpaBJieHMe  b  stoh  oGjiacm 
CBH3aH0  c  npoBeacHnew  nccjiejroBaHHH  bjihh- 
hhh  apyrHX  33K0H0B,  KpoMe  JiHHeimoro,  pac- 
npeaeaeHHH  noBepxHocTHoro  peaKTHBHoro 
HMneaaHca  Ha  PJIX  ranoBbix  PJ1U  npH  30H- 
JlHpOBaHMH  HX  pa3JIHHHbIMH  BHUaMH  CHTHaJIOB 
H  o6oCHOBaHHeM  npHHHHnOB  nOCTpoeHHH  HM- 
neaaHCHbix  cTpyicryp  ynpaBJieHHH  pacceHHH- 
ew  3MB  b  HHrepecax  pemeHHH  3aaaH  paano- 
aoKauHH  h  yP3  ofybeicroB. 


Expressions  for  field  scattered  by 
"sphere- cone-sphere"  body  were  found 
in  [5]  as  approximation  of  the  physical 
optics  with  the  use  of  Leontovich  impe¬ 
dance  boundary  condition,  and  radar 
characteristics  of  the  body  have  been 
studied.  It  was  suggested  that  as  for  E- 
and  H-poIarization  the  body  has  non- 
uniform  reactive  surface  impedance.  In 
particular  case  the  given  expressions 
coincide  with  results  of  [2]  for  an  ideal 
conductive  body.  So,  it  was  found  that 

-  isotropic  non-uniform  surface  reac¬ 
tive  impedance  leads  to  bright  points 
redistribution  on  the  object  surface 
and,  therefore,  distorts  the  lobed 
structure  of  backscattering  pattern 
(BSP),  that  allows  to  realize  required 
BSP  structure; 

-  in  the  monostatic  radar,  there  is  no 
depolarization  of  the  field  scattered 
by  impedance  bodies  of  revolution 
if  their  dimensions  essentially  exceed 
wavelength  of  the  sounding  signal; 

-  the  non-uniform  surface  impedance 
influences  mostly  the  signals  scatte¬ 
ring,  which  have  relative  bandwidth 
Af/f0>lO%  (it  is  more  typical  for 
intrapulse  modulated  signals); 

-  edges  of  the  cone  with  rounded 
vertex  lead  to  depolarization  of  the 
scattered  field  at  sloping  irradiation 
and  essentially  enlarge  its  radar  cross- 
section  (RCS); 

-  in  order  to  decrease  edges  RCS  of 
"sphere-cone-sphere"  type  targets,  it 
is  necessary  to  use  impedance  or 
absorbing  structures  (ferrite  pieces 
or  radio-absorbing  materials)  near 
the  edges  rather  than  the  whole  of 
the  object  surface. 

-  the  investigation  of  influence  of 
other  distribution  (beside  linear)  laws 
of  the  surface  reactive  impedance  on 
standard  targets  characterises  (dif¬ 
ferent  sounding  signals)  and  substan¬ 
tiation  of  designing  principles  of  impe¬ 
dance  structures,  which  control  EM 
waves  scattering  for  solution  radar 
problems  and  minimization  of  objects 
visibility,  is  a  promising  direction  in 
this  field. 
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Radar  Characteristics  and  Polarization  Structure  Peculiarities  of  EM  Field ... 


PacceHBarome-norjiomaromHe  H 

nojizpimmioiiHbie  cbohctb3  aHH30Tponin>ix 
h  ii30TponHbix  nepHOAH'iecKHx  CTpyKTyp  h 
oSTeKaTejieH  arrreHH 


Scattering-absorbing  and 
polarization  properties  of 
anisotropic  and  isotropic  periodical 
structures  and  antenna  domes 


IIOTpeGHOCTH  npaKTHHeCKOM  pajXHOJIOKailMH 
iUiana30H0B  CBH,  b  ocoGeHHOcra  MHJuiMMeTpo- 
Boro  h  cy6MKJUiHMerpoBoro,  npHBejiH  b  nocne^HHe 

rom  k  Heo6xojutMociK  H3yqeHMH  noBe^emin  3MB 

b  aHH30TponHbix  cpeaax  (rapoTpormaa  nna3Ma  h 
HaMarHH^ieHHbiH  $eppwT)  h  CTpyxrypax.  Taxue 
CTpyKTyp  Li,  KpoMe  apymx  Bamibix  cbohctb,  06- 
jiaaaiOT  inMpoKHMH  bo3mo>khoct?imh  no  npeobpa- 
30BaiTMK)  nojwpH3aunH  h  ynpaRiieHHio  paccenHH- 
eM  3MB.  OynaaMeHTanbHoe  Hano^ceHHe  yxa3aHHbix 
BonpocoB  mo>kho  Ham  b  [3].  K  nepcn exTHBHbiM 
HanpaBJieHMaM  b  flaHHOH  objiacm  othocbtcb  hc- 
cneaoBaHHH  no  pa3pa6oTKe  MeioaoB  pacuera  PJTX 
win  peajibHbix  PJIUf,  o6jiaaaioii[HX  aHH3orponHbiM 
HMneaancoM,  a  Taxxce  HccjieaoBaHHa  BonpocoB 
(J)H3HHecKOH  peajiH3yeMOCTH  <i)eppoMarHHTHbix 
ruieHOK  c  TpeSyeMbiMM  napaMerpaMH. 

KpoMe  toto,  npn  pemeHHH  3a,uau  pannojioxa- 
ithh  m  YP3  oGbeicroB  Baxnoe  3HaueHne  HMeer  npo- 
GjieMa  cnHTC3a  /mana30HHbix  paccenBaiome-nonio- 
maiomHX  crpyicryp,  o6jiaaaiomHX  npnexmeMbiMH 
Macco-ra6apHTHbiMH  xapaicrepHCTKaMH.  Oaho  H3 
HanpaBJieHHM  pemeHHa  3toh  npo6jieMbi  cBH3aHO 
C  pa3pa60TK0H  yCTpOHCTB,  B  KOTOpbIX  COBMeCTHO 
wcnojib3yiOTC5i  344>eKTbi  paccetfHHH  b  BHfle  npo- 
crpaHCTBeHHbix  rapMOHHK  h  noraomeHHfl  3Hep- 
thh  3MB.  B  KOHcrpyKiHBHOM  oTHouieHHH  TaKHe 
crpyicrypbi  npeacraanHiOT  co6oh  KOMSuHaunn  cjio- 
iicto  HeoaHopoanbix  h  reoMerpHuecKH  Heormopoa- 
Hbix,  b  o6meM  cnyqae  MaiHHTOAwsjieKipiwecKHX  no- 
KpbiTHH.  B  xauecree  pacceHBajoiitHX  3JieMeHTOB  b 
KOHCTpyKUHH  noniorHTejieH  3Hepmn  3MB  Bbi6pa- 
Hbi  OT^paxutf  oHHbie  pemeTKH  BQUHOBo^Horo  h  nn- 
jioo6pa3Horo  rana,  odnanaromne  xax  kohcuhoh  [6], 
Tax  h  HaeajibHOH  npoBozuiMocTbio  [4].  3tot  bm- 
6op  o6ycnoBjieH  TeM,  hto  paccMaTpHBaeMbie  koh- 
cipyxirHH  Hanum  npaxTHuecKoe  BonjiomeHHe  b  pe- 
ajm3aixHH  nporpaMMbi «  Cmeno  [7]. 

Ha  ocHOBe  HHCJieHHO-aHajiHTHuecKoro  nccjie- 
HOBaHHH  paccenBaioiue-norjiomaiomHx  cbohctb 
paccMarpHBaeMoro  Kiiacca  CTpyKTyp  6bum  o6ocho- 
Baiibi  caeayioiHHe  o6mHe  npHHiiHnbi  cHHTeaa  #h- 
ana30HHbix  nojiapH3auHOHHo-He3aBHCHMbix  Majio- 
arpaacajomHX  crpyicryp  h  ycrponcTB,  npe£Ha3Ha- 
ueHHbix  arm  HcxaaceHHfl  PJ1X  PJIIJ: 

-  MHHHMH33IIHH  3HepIHH  HyJieBOM  XUpMOHHKH  npH 
HopManbHOM  naaeHHH  h  OHepran  aBroxaiHMH- 
pyjomnx  rapMOHHK  npn  HaxnoHHbix  ymax  o6ny- 
nrnvin  Banana30He  X<X  (X  -  MaxcHManbHaa 
a/iHHa  BcuiHbi  nepexpbroaeMoro  aHana30Ha)  b 
MHoroMoaoBOM  peacHMe  pacceaHHn  3a  cueT 
cooTBercTByioiaero  BbiSopa  reoMerpHHecKHX  na- 
paMerpoB  pemencH  h  ajieiopHHecKHX  xapaxre- 


The  requirements  of  applied  radar  in 
microwave  band,  especially  millimeter- 
and  sub-millimeter  bands,  stimulate  for 
the  last  years  investigations  of  EM  waves 
behavior  in  anisotropic  media  (gyrotropic 
plasma  and  magnetized  ferrite)  and  struc¬ 
tures.  In  addition  to  other  important 
properties,  such  structures  provide  wide 
opportunities  to  transform  polarization 
and  control  EM  waves  scattering. 
Fundamental  statement  of  the  problems 
one  can  found  in  [3].  Investigations  in  the 
field  of  calculation  methods  of  real  radar 
targets  characteristics,  having  anisotropic 
impedance,  and  also  studies  of  physical 
realizability  of  ferro-magnetic  films  with 
needed  parameters,  are  very  perspective. 

Moreover,  there  is  synthesis  problem 
of  band  scattering- absorbing  structures 
with  acceptable  mass  and  dimensions, 
which  are  used  for  radar  applications 
and  ROV  decreasing.  One  of  solutions 
of  the  problem  is  connected  with  desig¬ 
ning  devices,  in  which  such  scattering 
effects  as  spatial  harmonics  and  EM 
waves  energy  absorption  are  used  jointly. 
The  structures  design  is  a  combination 
of  stratified  and  geometrically  heteroge¬ 
neous  coatings  (in  general  case  magneto¬ 
dielectric).  Diffraction  arrays  of  wave¬ 
guide  and  sawtooth  gratings  with  finite 
[6]  and  ideal  conductivity  [4]  can  be 
chosen  as  scattering  elements  of  the  EM 
waves  energy  absorbers.  The  adequacy  of 
this  choise  is  confirmed  by  the  fact  that 
the  structures  considered  above  were  rea¬ 
lized  in  the  "Stealth"  program  [7]. 

The  following  general  principles  (which 
are  based  on  numerical  and  analytical 
studies  of  scattering-absorbing  properties 
of  the  structures  above)  of  wide-band 
polarization  independent  weakly  scattering 
structures  and  devices  intended  for  distor¬ 
tion  of  RTC  have  been  substantiated 
-  minimizing  zero  harmonic  (under 
normal  incidence)  and  autocollimating 
harmonics  (under  oblique  incidence) 
energy  in  frequency  band  X<X  (where 
X  is  maximum  wavelength  of  the 
wnole  band)  in  multi-mode 
scattering  regime  by  corresponding 
choice  of  array  geometry  and  electric 
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pMCTHK  MaiHHiDXUd3JieKipHHecKoro  BKjiKHeHMa;  characteristics  of  magnetodielectric 

-  MHHHMH3aitHH  3Heprmi  HyneBOM  rapMOHHKH  b  inclusion; 

3a#aHHOM  xmanaaone  juihh  bojih  h  yrjiOB  06-  -  minimizing  zero  harmonic  energy  in 

jiyneHMfl  b  pexHMe  oaHOMoaoBoro  pacceHHiw;  the  given  frequency  band  and  incidence 

-  cj)opMHpOBaHMe  Tpe6yeMofr  jienecTKOBOH  angles  under  single-mode  scattering; 

CTpyicrypBi  OP  ycrpoMCTB  HCKaxeHHH  PJTX  -  fonning  the  needed  lobed  structure 
PJIIJ(  3a  cuer  peajimaiiHH  pexHMa  mhotomo-  of  BSP  of  devices  distorting  RTS  due 
aoBoro  paccenHua;  to  regime  of  multi-mode  scattering; 

-  pa3pyiueHHe  hjih  HCKaxeHne  cneicrpa  Herap-  -  destruction  or  distortion  of  non- 

MOHHuecKoro  cum  ana  rryTeM  cooTBeTCTByio-  harmonic  signal's  spectrum  by  corres- 
mero  Bti6opa  napawerpoB  paccerroaiomee-no-  ponding  choice  of  scattering- absor- 
rnomaiomHX  cTpyicryp.  bing  structure  parameters. 

KpoMe  Toro,  nonynpo3pauHbie  b  cMbicjie  reo-  Furthermore,  semi-transparent  (in 
MexpHuecKoii  onTHKH  nepnoannecKHe  pemencH  terms  of  geometrical  optics)  periodical 
HOxeBoro  rana,  o6aaaan  CBOHcraaMH  npocipaH-  knife-edge  arrays,  having  spatial  frequency- 
CTBeHHOH  uacTOTHO-nojiHpH3aiiHOHHOM  cejieKUHH ,  polarization  selective  properties,  can  be  used 
Moryr  6bm>  Hcnojn>30BaHbi  b  Kanecree  «npocBeT-  as  "antireflecting"  design  elements  of 
jiaiouiHX»  3JieMeHT0B  KOHCTpyxuHM  MHOixwJjyHK-  multi-functional  radomes  of  microwave 
UHOHajibHbix  odTeKaxeaen  arrreHH  CBH.  Ohm  ripen-  antennas.  They  are  intended  as  for  climatic 
Ha3HaueHbi  He  tojibko  rim  3aiUHTbi  ot  or  mechanical  protection,  and  for 
KrtHMaTHuecKHX  wm  apyrax  MexaHMnecKHX  B03aen-  decreasing  RCS  of  antennas  and  lowering 
cnBHft,  ho  h  rjw  yMeHbmeHMH  3IIP  aHreHH,  a  xaK-  influence  of  different  electromagnetic 
xe  rm  3aiUMTbi  or  paa/iHUHoro  pona  sjieicipoMar-  radiations. 

HMTHbIX  H3JiyneHHM. 

T&chm  o6pa30M,  npMBerreHHbie  Bbnue  pe3yjib-  Thus,  the  presented  results  and 
xaTbi  h  HanpameHun  nepcneKTHBHbix  HccnenoBa-  directions  of  perspective  investigations 
hh ft  Moryr  6bm>  nojie3HbiMM  npn  npoeKTHpoBaHMM  can  be  useful  in  designing  and  develop- 
h  pa3pa6oTKe  paanmiHoro  pona  ycrpoftcxB  CBM  c  ment  of  different  microwave  devices  with 
TpeSyeMbiMM  jm4>paKUHOHHbiMH  cBOMCTBaMM.  required  diffraction  properties. 
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B  dowiade  paccMampueaem.cn  nonnpu3au,uoHHbiu 
6ucma6wibHbiu  3/ieMenm  ua  ocnoee  He-Ne  na3epa 
na  djiune  eoAHbi  X=3,39 mkm,  e pe30Hamop  tcomo- 
pozo  noMeiqena  nneuKa  Oapaden  Ha  Mouoicpuc- 
mcuuie  ofcejie3oummpueeozo  zpanama.  ITpoeeden 
meopemunecicuu  anamn  3JieMenma  c  ucnoAb3oea- 
HueM  Memoda  Mampuu,  floKOHca.  ycmanoeAeno,  nmo 
6ucma6uAbmcmb  no  noAnpu3au,iiu  nadAtodaemcn 
npu  eeAUHime  odnonpoxodnozo  (papadeeeacozo  epa- 
u^enun  e  45°.  StccnepuMeumbi  noK03anu}  nmo  e 
dannoM  ycmpoucmee  npoacxodum  nepemuonemie 
Kpyzoebix  noAnpu3ai(uu  g+  k  <t“  u  uaodopom 


Optical  Polarization  Bistable 
Element  Based  on 
Faraday  Cell 

V.A.  Tabarin 

Surgut  State  University 
E-mail:  tabarin@surguttel.ru 

In  the  paper ;  a  polarization  bistable  element 
based  on  He-Ne  laser  (k=3,39  fim  wave¬ 
length)  with  Faraday  cell  on  iron-yttrium 
mono-crystal  gametis  placed  in  resonator 
is  considered.  Theoretical  analysis  of  the 
element  is  carried  out  using  the  method  of 
Jones  matrices.  It  was  found  that  pola¬ 
rization  bistability  is  observed  at  43*  single¬ 
pass  Faraday  rotation.  Experiments  have 
shown  that  the  given  device  provides 
switching  circular  polarizations  from  a+ 
to  <s~  and  vice  versa 


B  nocneflHHe  ro^bi  yuenbiMH  6hjih  pa3pa6o- 
TaHbi  paariHHHbie  ycTpoficTBa  c  aMruiHTyzmoH  h 
nojwpH3aitHOHHOH  6Hcra6mibHocTbio  juin  co3aa- 
HHH  JIOrMHeCKMX  SJieMeHTOB  H  yCTpOHCTB  naMHTM 
OnTMHeCKMX  BbIHHCJIHTeJIbHbIX  MaillHH  [1].  Oco- 
6eHHO  SOJIbUIOH  HHTepeC  BbI3bIBaK)T  no^HpH- 
3aUHOHHbie  CXeMbI  B  CMJiy  HX  3KOHOMHUHOCTH, 
HanpHMep,  b  pa6oTe  [2]  onncaHa  B03M0>KH0CTb 
IIOJlflpH3aUHOHHOH  6HCTa6HJIbHOCTH  C  HCnOJIb- 
30B3HHeM  He-Ne  Jia3epa  c  T-o6pa3HbiM  M30T- 
ponHblM  pe30HaT0p0M,  B  IteHTp  KOTOpOrO  BBO- 
AMTca  npH3Ma  FjiaHa-ToMcoHa  h  jum  ynpaBJieHna 
noji»pH3auHeit  b  o,hho  H3  ruieq  pe30HaTopa  no- 
MemeH  MarHHTOonTHuecKHH  3aTBOp. 

B  ^aHHOM  zioKJiajte  paccMaTpMBaeTca  nojia- 
pH3aUHOHHbIH  6HCTa6HJIbHbIH  3JieMeHT  Ha  oc- 
HOBe  He-Ne  Jia3epa  (jymHa  bojihh  ^=3,39  mkm), 
b  pe30HaT0p  KOToporo  noMemeHa  auefiKa  d>apa- 
nea  Ha  MOHOKpHcxajuie  xcejie30HTipHeBoro  rpa- 
HaTa.  TeopeTHHecKHH  aHaaH3  c  Hcno;ib30BaHHeM 
MeToaa  MaTpHH  flxconca  npoBoaHJica  pe30- 
HaTOpa  (piic.  1),  cocToamero  H3  jmyx  H30Tpon- 
HblX  3epKajI  1,  6,  Mexcay  KOTOpbIMH  HaXOUHTCH 
H30TponHaH  aKTHBHan  cpe^a  2,  <J>apa£eeBCKHH 
Bpamaiejib  4  h  flBa  nacTHUHbix  nojiapH3aTopa  3 
h  5,  co6cTBeHHbie  och  kotophx  pa3BepHyrbi  Ha 
yroji  5.  npeflnojioxcHM,  hto  nojie  BHyrpH  pe3o- 
HaTopa  npe^craBJiaeT  HH3myio  Mo^y  TEM.  Cbct 
pacnpocTpaHHeTCH  B^ojib  och  Z,  a  BeKTop  3Jiex- 


During  the  last  years,  there  were 
designed  different  devices  with  amplitude 
and  polarization  bistability  intended  for 
logic  elements  and  storage  devices  of  optical 
computing  systems  [1].  The  polarization 
circuits  are  of  the  most  interest  because  of 
their  properties.  For  example,  implemen¬ 
tation  method  of  the  polarization  bistability 
using  He-Ne  laser  with  T-like  isotropic 
resonator,  inside  which  a  Glan-Thompson 
prism  is  placed,  was  described  in  [2].  For 
sake  of  polarization  control,  a  magneto¬ 
optical  gate  was  inserted  into  one  aim  of 
the  resonator. 

In  the  paper,  a  polarization  bistable 
element  based  on  He-Ne  laser  (A,=3,39 
pm)  with  Faraday  cell  on  iron-yttrium 
mono-crystal  gametis  placed  in  reso¬ 
nator  is  considered.  Theoretical  analysis 
of  the  resonator  (Fig.  1)  is  carried  out 
using  the  method  of  Jones  matrices.  The 
resonator  consists  of  two  isotropic  mir¬ 
rors  1,  6,  between  which  there  are  an 
isotropic  active  medium  2,  Faraday 
rotator  4  and  two  partial  polarizers  3,  5 
with  eigen  axes  rotated  at  angle  8.  Let  us 
suppose  that  EM  field  inside  the  reso¬ 
nator  is  the  lowest  TEM  mode.  Light  goes 
along  Z-axis,  and  vector  of  the  electric 
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TpHuecicoro  ncwifl  pacKJiaabiBaeTca  Ha  aBe  nep- 
neHjumcyjiHpHbie  KOMnoHeHTbi  Ex  u  Ey. 


field  is  presented  by  two  orthogonal 
components  Ex  and  Ey. 


Phc.  1.  OrpyiciypHaa  cxeMa  pe30HaTopa:  1  h  6  -  H30TponHbie  3epicajia,  2  -  H30TponHa5i 
aKTHBHa^  cpeaa,  3  h  5  -  HacTHHHbie  no^pH3aTopbi,  4  -  4>apaaeeBCKnft  BpamaTejib 
Fig.  1.  Block  diagram  of  resonator:  isotropic  mirrors  (1,6),  isotropic  active  medium  (2), 
partial  polarizers  (3,  5),  Faraday  rotator  (4) 


npeflnojioacHM,  hto  ocn  xw  y  napajuiejibHbi 
co6cTBeHHbiM  ochm  nojiHpH3aTopa  3,  aMruimyA- 
Hbie  K03(j)(})HUHeHTbI  KOTOpOrO  COOTBeTCTBeH HO 
paBHbi  1  h  a.  B  cbok>  onepe^b  aMnjiHry^Hbie 
K03<i)<t>HUHeHTbi  nojuipH3aTopa  5  paBHbi  b  h  1. 
HeftcTBue  aHH30TponHbix  no  nojrapH3auHH  3Jie- 
MeHTOB  onucbiBaercfl  caeayiomHMH  MaTpHuaMH 


Let  the  x-  and  y-axis  are  parallel  with 
eigen  axes  of  the  polarizer  3,  which 
amplitude  coefficients  equal  to  1  and  a. 
In  turn,  the  amplitude  coefficients  of  the 
polarizer  5  are  equal  to  b  and  1.  The 
anisotropic  polarization  devices  action 
is  described  by  the  following  matrices 


'1  o' 

COS0 

COS0 

,  M.  = 

-sin0 

cos0 

0  a 

cos26  +  6sin25  (l-Z>)cos5sin5 
5  (l  -ft)  cos  5  sin  8  sin25  +  6cos25 


rae  0  —  yroji  oflHonpoxozmoro  4>apaaeeBCKoro 
BpameHHH  anefiKH  4.  He  Hapyinaa  o6ihhocth 
paccyxaeHHH,  npeanojioxcHM,  hto  0<Ka<l.  3a- 
aana  pemaeTca  b  obmeM  BM^e,  Koraa  coSctbch- 
Hbie  och  o6ohx  6piocTepoBCKnx  nJiacTHH  o6pa- 
3yiOT  yroji  8. 

HanwHan  nojiHbin  o6xoa  pe30Haropa  H3  toh- 
kh  A  no  HanpaBJieHHio  cTpejiKH,  nojiHbift  one- 
paiop  flxoHca  noayHHM  b  BHae 


where  0  is  single-pass  Faraday  rotation 
angle  of  the  cell  4.  Without  loss  of 
generality,  let  us  suppose  that  0<b<a<\. 
The  problem  is  solved  for  the  case  when 
the  eigen  axes  of  both  Brewster  plates 
form  angle  8. 

Beginning  the  complete  passage  of 
the  resonator  from  point  A  along  the 
arrow,  we  get  the  following  Jones  matrix 


62cos20-sin20  0.5- a(b2  +1)  cos  20 

-0.5 -a(b2  +I)cos20  -a2(b2  sin2  0  +  cos2  0) 


HaftaeM  M  juin  Hacmoro  cjiynan  8=7t/2,  T.e.  Koraa 
nacTHHHbie  noaapH3aTopbi  3  h  5  SyayT  Haeaab- 
ho  paccorjiacoBaHbi. 

PaccMOTpeHHe  cobcTBeHHou  noaapH3aiXHOH- 
Hofi  3aaaHH  win  caynaa  pwc.  1  3aianoHaeTca  b 
pemeHHH  onepaTOpHoro  ypaBHeHHH  flxcoHca 


Let  us  find  matrix  M  for  the  case  8=7i/2, 
i.e.  when  the  partial  polarizers  3  and  5 
will  ideally  mismatched. 

The  given  problem  analysis  for  the 
case  shown  in  Fig.  1  consists  in  solution 
of  the  matrix  equation 


ME  =  x\E9  (0 

rae  E  Ha3biBaeTca  co6cTBeHHbiM  BeicropoM  one-  where  E  and  r\  are  called  as  eigenvector 
patopa  M,  a  r|  -  ero  cobcTBeHHbiM  3HaneHHeM.  and  eigenvalue  of  the  M  matrix.  The 
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M3  pemeHHH  ypaBHeHHfl  (1)  Haxo^TC5i  co6- 
CTBeHHbie  3HaHeHHH  r|  A  h  r\v  a  Taoce  BejinnHHbi 
rx  m  r2>  no3BojifliomHe  onpeAe^HTb  HanpaBJieHHe 
BpameHna  BeKTopa  E 


solution  of  (1)  gives  eigenvalues  r\{  and 
v\v  and  also  values  of  r{  and  r2  allowing 
to  determine  handedness  of  vector  E 


+  a2)(l  +  b2 )  cos  20  -  (1  -  a)(  1  -  b2 )]  ri,  2  +  a2b2  =  0 , 


(2) 


ri,2 


(3) 


3aecb  ml2,  m2l  -  ajieMeHTbi  MaTpHuw  M. 

Co6cTBeHHbie 3HaMeHH»  r)12  =  |r)]2|-exp/<pl2  xa- 
paKTepn3yioT  norepn  n  cf)a30Bbie  c^bhfh  co6crBeH- 

HblX  B0JIH. 

BejiHMHHa  1  ~|rj12  j  onpe/tejweT Koa^mmeHT 
nojwpH3auHOHHbix  norepb,  a  BejinuHHa  A  =  arg  r\]2 
~  (})a30BbiM  Ha6er  b  aHH30TporiHbix  3JieMeHTax  pe- 
30Haiopa  jum  cooTBeTCTByiomnx  bojih.  Ha  pnc.2 
npHBe^eHbi  BbiuncjieHHbie  MQuyjiH  coScTBeHHbix 
3HaneHHH  ypaBHeHHH  (2),  a  TaioKe  mrarpaMMbi 
C06cTBeHHbIX  COCTOflHHH  nOJTHpH3anHH  B  3aBH- 
CHMOCTH  OT  0. 


Here  miv  m2l  are  elements  of  matrix  M. 

The  eigenvalues  r\u  =  |r|12|*exp/cp12 
characterize  losses  and  phase  shifts  of  the 
eigen  waves. 

The  values  1-|t]12|  and  A  =  argr|12 
define  the  polarization  loss  factor  and 
phase  delay  in  anisotropic  elements  of  the 
resonator  for  the  corresponding  waves. 
Figure  2  shows  calculated  modulus  of  the 
eigenvalues  of  (2),  and  diagrams  of  eigen 
polarization  states  depending  on  0. 


Phc.  2.  H3MeHCHHe  Mo^yjieft  codcTBeHHbix  3HaneHHH  h  co6ctbchhmx  coctohhhh 

nOJIHpH3aUHH  B  33BHCMMOCTH  OT  0  II pH  BbinOJIHCHHH  yCJIOBHfl  0<Kfl<l 

Fig.  2.  Modification  of  eigenvalues  modulus  and  eigen  polarization  states  versus  0 
on  conditions  that  0<Ka<l 


KaK  bh^ho  H3  pnc.2,  b  KaqecTBe  pa6oqeM 
toukh  ,zmn  HaGjno^eHMfl  6HCTa6njibHoro  pe>KM- 
Ma  yao6Ho  Bbi6paTb  0=71/4.  CjieBa  h  cnpaBa  ot 
3Toro  3HaHeHHa  coScTBeHHbie  nojiapmanHOH- 
Hbie  COCTOHHHfl  ITpe^CTaBJIHlOT  opToroHajibHbie 
KpyroBbie  bojihbi  a+  h  ct~. 

3KcnepHMeHxajibHbie  Hccjie/toBaHHB  b  cxaTH- 
uecKOM  pexHMe  noirTBepmum  pe3yjibTaTbi  pacne- 
tob.  /lencTBHTejibHo,  ycraHOBHB  o/XHonpoxo/moe 
Bpaiuenne  b  44°  h  coorBeTCTBeHHo  Bojrny  cr+,  a 
3areM  yBawMBcW  tok  ra3opa3p*utHOM  Tpy6xH,  h 
cjie/ioBaTejibHo,  MomHoerb  Jia3epa,  h  Hcnojib3yH 
o6paTHVK)  CB5I3L  RJW  (jjapa^eeBCKOH  BMeilKH  b  ra6- 
PHOHoh  cxeMe,  Mbi  ocymecTBHjiH  nepeKJnoueHHe 
COCTOHHHfl  nOJWpH3aiIHH  C  CT+  Ha 


It  follows  from  Fig.  2  that  0=7t/4 
should  be  chosen  as  operating  point  for 
observation  of  the  bistable  regime.  At  the 
left  and  right  of  this  value,  the  eigen 
polarization  states  are  orthogonal  circu¬ 
larly  polarized  waves  o+  and  cr . 

The  experiments  in  a  static  mode  have 
confirmed  the  calculations.  In  fact,  having 
set  44°  single-pass  rotation  and  accor¬ 
dingly  cr+  wave,  and  with  increasing  cur¬ 
rent  of  a  gas-dischaige  tube  (and,  there¬ 
fore,  the  laser  power)  and  feedback  using 
for  Faraday  cell  in  the  hybrid  circuit,  we 
have  made  the  polarization  state  switching 
from  a+  to  a"  and  vice  versa. 
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Ihtracavity  Faraday 
Rotation 

S.D.  Demjyantseva,  V.A.  Tabarin 

Surgut  State  University 
e-mail:  tabarin@surguttel.ru 

The  transition  process  leding  to  formation 
of  stationary  radiation  polarization  in  a 
model  of  laser,  which  resonator  includes 
active  medium,  Faraday  rotator  and  non¬ 
ideal  linear  polarizer,  was  investigated 
theoretically  and  experimentally.  It  is  shown 
that  insertion  of  the  rotator  inside  the 
resonator  allows  to  improve  10-100  times 
parameters  of  magnetooptical  modulator. 


K  HacToameMy  BpeMeHH  aeiajrbHo  Hccjie^o-  By  now,  the  changes  of  radiation 
Banbi  H3MeHeHH5i  nojinpH3auHH  H3JiyueHHtf,  o6yc-  polarization  caused  by  the  Faraday  effect 
jioBJieHHbie  3cJ)(J)eKTOM  Oapa^en  b  aKTHBHOH  cpe-  in  active  medium  of  laser  with  anisotro- 
ite  Jia3epa  c  aHH30TponHbiM  pe30HaiopoM  [1-3].  pic  resonator  have  been  studied  in  details 
H3BecmoTaioKeynpaBJieHHenojiHpH3auHeMJia3ep-  [1-3].  In  [4,  5]  the  control  of  laser  radi- 
Horo  HajiyueHMn  c  noMomwo  naccHBHon  BHyrpn-  ation  polarization  by  means  of  passive 
pe30HaropHOM  ajieKTpoonrouecKOM  nueiiKH  [4,  5].  intra- resonator  electrooptic  cell  was 
Oahbko  nepexoaiibie  npoueccbi  b  Jia3epe  c  HHen-  considered.  However,  the  transients  in 
kom  d>apaaea,  xapaKrepH3yiomHe  sukoh  ycraHOBne-  laser  with  Faraday  cell,  characterizing 
huh  cramtoHapHoro  cocToamin  c  onpenejieHHOM  the  formation  of  stationary  polarization 
nojiapH3aixneH,  paccMorpeHbi  HeaocrarroHHO  nojiHo.  state,  were  investigated  insufficiently. 

B  naHHOM  noKJia/ie  TeopeinuecKH  royueH  ne-  In  the  paper,  a  transient  resulting  in 
pexoflHbiM  npouecc,  npuBo/ummu  k  ycraHOBJie-  formation  of  stationary  polarization  of 
Hmo  CTaitHOHapHOH  nojrapH3auHH  H3jiyHeHHn  b  radiation  in  a  laser,  which  resonator 
Monejm  Jia3epa,  pe30HaTop  KOToporo  coaepxcMT  includes  active  medium,  Faraday  rota- 
aKTHBHyio  cpeay,  ^apaaeeBCKHH  Bpamaiejib  h  He-  tor  and  nonideal  linear  polarizer,  is 
HaeajibHbiM  JiHHeHHbiH  nounpimTop.  FIpHBeaeHbi  studied.  Numerical  estimates  of  the  results 
UHCJieHHbie  oueHKH  nojiyueHHbix  pe3yjibTaT0B  nna  obtained  and  experimental  data  are 
Hawbonee  HHTepecHbix  nacTHbix  cnyuaeB,  a  Taxxce  presented  for  the  most  interesting  par- 
SKcnepHMeHTajibHbie  naHHbie.  HccneayeMaa  mo-  ticular  cases.  The  laser  model  to  be 
nenb  ;ia3epa  npeacraBJieHa  Ha  pwc.  1.  analysed  is  shown  in  Fig.  1. 

B  OTJiHHHe  ot  H3BecTHbix  ctiocoSob  ontica-  Unlike  the  known  ways  for  laser 
hhh  Jia3epOB  paccMOTpeHHe  onHOBpeMeHHoro  description,  we  consider  simultaneous 
BJiHHHHfl  aHH30TponHH  h  3cf)4)eKTa  Oapanen  Ha  influence  of  the  anisotropy  and  Faraday 
yron  noBopoTa  JiHHeimoH  nojmpH3auHH  npoBO-  effect  on  rotation  angle  of  linear  polari- 
hhtch  c  yueTOM  MHoroKpaTHoro  orpaxeHHn  H3-  zation  with  taking  into  account  multiple 
jiyueHHfl  ot  3epKaji  pe30HaTopa.  Be3  HapyineHHH  radiation  reflections  from  the  resonator 
o6ihhoctm  iiajibHeHiiiHX  paccyx^eHHH  npe/uio-  mirrors.  Without  loss  of  generality,  it  is 
JiaraeTcn,  hto  npn  H=  0  nojiapn3auHa_M3jiyueHmi  supposed  that  the  radiation  is  vertically 
HMeeT  BepraKajibHoe  HanpaBJieHHe  E  -  EJ .  polarized  at  H-0. 

Toma  b  npaMoyrojibHon  CHCTeMe  Koopjxn-  Then,  in  the  cartesian  coordinates 
HaT,  CBa3aHHOM  c  FJiaBHbiMH  HanpaBjteHHflMH  corresponding  to  the  principal  axes  of 
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nponycKaHHH  nojiapimTopa,  pexyppeHTHoe  co- 
oTHomeHwe,  onucbiBaiomee  cocroaHwe  nonapH- 
3auHH  b  TOHKe  A  nocjie  n  nojiHbix  o6xojxob  H3Jiy- 
HeHHeM  pe30HaTopa  b  npHMOM  h  o6paTHOM 
HanpaBJieHHHX  npn  HanpflxceHHocrH  MarHMTHoro 
nojw  H> 0  moxcho  npeiicraBHTb  b  BH^e 


the  polarizer,  the  recursion  relation, 
which  describes  polarization  state  in  the 
point  A  after  n  complete  (in  direct  ^nd 
opposite  directions)  passages  of  the 
resonator  radiation,  can  be  presented 
for  the  case  H>  0  as 


£■„=£„  sin  Tna;  +  E„  cos  '¥„aj , 

E„  =  Ea(R\  RJ"2  -exp(«pL)-n  (kl sin2  'V  F  +  k2  cos2 


<?=1 


'i’n.a  =2 Qn-i  A Q„,  «F„  =  2 Qe  -  I A & 

m- 1  m= 1 


(1) 

(2) 


3aecb  R{  h  R2  -  K03(Jx})HUHeHTbi  OTpaaceHHa 
no  HHTeHCHBHOCTH  3epKajI  1  H  2;  b  “  K03(j)(j>H- 
itneHT  ycH/ieHHH  aKTHBHon  cpeabi  Ha  eAHHmjy 
lUiHHbi;  L  -  AnHHa  aKTHBHow  cpeAbi,  k{  H  *2  - 
K03(J)(J)HUHeHTbi  HawSojibiiiero  h  HanMeHbmero 
rnaBHbix  nponycKaHHH  HenaeajibHoro  nojiapH- 
3aTopa  c  a3HMyTOM  90°;  Q  —  yroji  oaHonpoxo#- 
Horo  (J>apaaeeBCKoro  BpameHHH;  A  Qn~  yMeHbme- 
Hwe  yrna  noBopora  jimhchhoK  nojiapH3auHH  3a 
oamh  o6xo£  HanyneHHeM  pe3OHaT0pa,  BH3BaHHoe 
aeftcTBHeM  nojwpH3aTopa;  h  ^  f  -  yniw,  on- 
peaejiHiomHe  HanpaBJieHHe  nimePinoPi  nojiapim- 
UHH  npH  no,uxo,ae  M3JiyqeHHfl  k  tohkc  A  co  cro- 
poHbi  nojwpH3aTopa  h  (hapaaeeBCKoro  Bpamarejin 
cooTBercTBeHHO.  rpa^HHecKaa  HHTepnperaiuin  (1) 
h  (2)  pm  n- 1  npeflcraBneHa  Ha  pwc.  2. 


Here  Rx  and  R2  are  intensity  reflection 
factors  of  mirrors  1  and  2;  b  is  a  gain  of 
active  medium  per  length  unit;  L  is  the 
active  medium  length,  k{  and  k2  are 
factors  of  the  maximum  and  minimum 
main  transmissions  of  nonideal  polarizer 
with  90°  azimuth;  Q  is  a  single-pass 
Faraday  rotation  angle;  A  Qn  is  decrease 
of  linear  polarization  (LP)  rotation  angle 
for  one  passage  of  the  resonator  radiation 
caused  by  the  polarizer  influence;  %¥n  and 
*¥n  F  determine  LP  orientations  while  the 
radiation  approaching  to  point  A  from 
the  direction  of  polarizer  and  Faraday 
rotator.  Interpretation  of  (1)  and  (2)  is 
shown  in  Fig.  2  for  the  case  n—\. 


1  3 


4  5  2 


Phc.  1.  Motfeiib  /ia3epa:  1,2  —  3epKajia  pe30HaT0pa  Jia3epa,  3  —  aicmBHaa  cpeaa, 
4  -  HenaeajibHbiH  HHHeHHbift  noJinpimTOp,  5  -  MarmtTHbiH  Kpucrajui  c 
cojieHOHaoM  (aneftKa  Oapaaea) 

Fig.  1.  Laser  model:  mirrors  (1,  2)  of  laser's  resonator,  active  medium  (3), 
linear  polarizers  (4),  Faraday  rotator  (4) 


3HaieHHe  A  Qn  TaioKe  onpenejmeTca  pexyp-  A  Rvalue  is  determined  from  the  re- 
peHTHbiM  cooTHomeHHeM  cursion  relation 


A  Q„  =  arctg 


(*!  -k2)tg'i'n,F 
K  +  Mg  n, I 


(3) 


Yroji  noBopora  HanpaBJieHHa  nojiaptuamtH  H3-  The  polarization  rotation  angle  of  the 
jiyueHHH,  BbiBO^HMoro  H3  pe30HaT0pa  uepe3  3ep-  radiation  directed  from  resonator  through 
Kano  2,  HaxoAHTca  H3  BbipaaceHwa  mirror  2  can  be  found  as 


'f'„=e(2«-i)-£  aq,. 

*1=1 


(4) 
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y  * 


E  u  £u-,f  ^ 

Phc.  2.  M3MeHeHHe  ynia  noBopoTa  HanpaBJieHHH  jihhchhom  ncxnapH3auHH  3a  o^hh 

o6xoa  npH  n- 1;  1  ~  ^=20;  2  -  xF1/>=20-A01 ;  3  -  AG^  El  =ElxF-k=El  s\nx¥la; 

ElrE»/krEico^la 

Fig.  2.  Change  of  rotation  angle  of  linear  polarization  for  one  round  (n=l):  Tljr“2 0  (1); 
^20-AG,  (2);  AG,  (3);  E^E^k-E,  cosH^ 


MccjieAOBaHHe  nepexo^Horo  npouecca,  ocy- 
mecTBJiaeMoe  c  noMombio  (2)  h  (3)  noxa3bi- 
BaeT,  hto  npH  3a^aHHbix  kv  k2  h  0  HOBoe  cra- 
UHOHapHoe  cocTOHHHe  noaapH3auHH  .zuia  H± 0, 
oTJiH4Hoe  ot  nepBOHaqajibHoro  (H~ 0),  ycra- 
HaBJiHBaeTCH  acHMnTOTHHecxH,  npwqeM  H3Me- 
HeHHe  yraa  noBopoTa  jimhchhoh  nojmpH3aunH 
3a  KaxgibiM  o6xoa  pe30HaT0pa  3aBHCHT  ot  bcjih- 
HMHbi  pa3HocTH  ~2Q~AQfl.  Haxoiuie- 
Hue  ynia  noBopoTa  x¥n  a  ot  npoxo^a  k  npoxo^y, 
B03MoxcHoe  6jiaroaapa  HeB3aHMHOCTM  3(jxf)ex- 
Ta  Oapaztea,  npowcxoflHT  ao  Tex  nop,  noxa 
AvF;ia>0,  H  npexpamaeTca,  xor^a  A^F;j  a=0  T.e. 
npH  ^ocTHxeHHH  paBeHCTBa  2A Q  =  Qn 

AHajiW3  (J)opMyjibi  (4)  noxa3biBaeT,  hto  yroji 
3aBHCHT  ot  kvkv  Qwn.  HanpHMep,  wn  otmo- 
ro  6piocTepoBCXoro  oxHa  (^=1,  &2=0,85)  npn 
Q=  1°  n  w=20,  ¥=5°,  a  ju ih  AByx  —  npn  Tex  xce 
yCJIOBHHX  lF|=ll0. 

HanSojibuiMM  npaxmqecKHH  HHrepec  npeacraB- 
jwer  MaxcHMajibHbiH  yroji  noBopora  HanpaBJieHHH 
nonapH3auHH  b  craixHOHapHOM  peacHMe  reHepamoi, 
^FSmax ,  KoropbiH  moxcho  HawTH  H3  <jx>pMyjibi  (3) 
npn  A  Qn  ~  2  Q .  flajibHeHumn  aHajiH3  noxa3aji,  hto 
c  yBejmHeHHeM  0  3HaneHHH  tg'P^  ocraiorca  aen- 
cTBHrejibHbiMn,  noxa  Q  He  flocmmer  BejiHHHHbi 
Qmax,  onpeaeJiaeMOH  paBeHCTBOM 


The  transient  investigation  with  the 
use  of  (2)  and  (3)  shows  that  for  given 
kv  k2  and  0  a  new  stationary  polariza¬ 
tion  state  is  formed  asymptotically  for 
H* 0  value,  which  differs  from  initial 
(H=0).  In  this  case,  the  change  of  LP  ro¬ 
tation  angle  for  each  passage  depends  on 
A'F,,  a  =  2 Q-  A Qn .  Accumulation  of  the 
rotation  angle  xF/i  a  with  passages  is  pos¬ 
sible  due  to  the’ Faraday  effect  non¬ 
reciprocity;  it  takes  place  until  A'F;j  a>0, 
and  stops  as  soon  as  2AQ  =  Qn. 


The  analysis  of  (4)  shows  that  the 
angle  depends  on  kr  kv  0  and  n.  For 
example,  HP  =5°  and  11°  for  one  and 
two  Brewster  windows  (^=1,  &2=0,85) 
when  0=1°  and  n- 20. 

The  maximum  angle  of  polarization 
rotation  x¥FSmax  in  the  stationary  gene¬ 
ration  mode  is  of  most  practical  interest. 
It  can  be  found  from  (3)  at  AQn  -  2Q. 
The  further  analysis  has  shown  that  with 
increasing  0,  values  of  tg'Py  remain  real 
until  0  becomes  equal  to  Qmax;  the  latter 
is  determined  by 


Kzbi 

2yjkfa’ 


(5) 
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npH  BbinojiHeHHH  KOToporo  MaKCHMajibHbiM  yrojt  If  (5)  is  true,  then  the  maximum  rotation 
noBOpoxa  jihhchhoh  nojrapH3aiuiH  onpeaejmexca  angle  of  linear  polarization  is  defined  as 
b  BHue 


'*'L»=ar  ctgVvV 


(5) 


ConiacHo  (6),  x¥rSnuix  TeopernHecKHMOxerSbiTb 
jno6biM  b  MHrepBajie  ot  0  no  90°  npn  H3MeHeHHH 
kv  k2  or  0  no  1.  Ann  na3epa  c  oahhm  h  neyMH  6pio- 
crepoBCKMMH  okhumh  MaKCHManbHbie  yrnbi  noBO- 
poxa  b  cxauHonapHOM  pexcMMe  cocxaBrunor  47°  h 
49°,  a  Qmax  paBHbi  2°  h  4°  cooxBexcxBeHHo. 

C  ynexoM  aHH3oxponHbix  noxepb  noporoBbift 
K03(j)(})HUHeHX  yCHJieHHB  aKXHBHOH  Cpenbl  MOXCHO 
npencxaBHXb  b  BHne 


According  to  (6),  theoretical 
value  may  lie  within  0  to  90°  range  while 
changing  kv  k2  from  0  to  1.  For  laser  with 
one  and  two  Brewster  windows,  the  maxi¬ 
mum  angles  in  a  stationary  mode  equal  to 
47°  and  49°,  whereas  Qmax  equals  2°  and  4°. 

Considering  the  anisotropic  losses,  a 
threshold  gain  of  the  active  medium  can 
be  written  in  the  form 


r-1 


In 


+  ln 


(RA)'n  [k2  +  (k2  -k2)cos2  ]U2 


(6) 


Ilpn  0>  Qmax  HaKoruieHne  yraa  noBopoxa  or- 
paHHUHBaexcn  cpbiBOM  reHepaunn,  Koxopbin 
npoHcxonnx,  ecjm  p  <  finlax ,  onpenenneMoro  H3 
(7),  npn  xFHf=90°.  CymecxBeHHo,  nxo  orpaHH- 
neHHe  yraa  BHyxpHpe30HaxopHoro  BpameHHn  bo3- 
mo>kho  b  cooxBexcxBMH  c  (5)  no  HacxymieHHn 
cocxohhhb  HacbiureHMH  MarHMTHoro  KpHcxajuia. 

TaKHM  o6paaoM,  pa3MeineHHe  MamnxHoro 
Kpncxanna  BHyxpH  pe30Haxopa  Jia3epa  no3BO- 
nnex  3HauHxejibHo  (6onee  ueM  Ha  nopaaoK)  yBe- 
jinuHXb  yron  noBopoxa  T'J  no  cpaBHeHHio  c 
onHonpoxonHbiM  <j)apaaeeBCKHM  BpameHHeM  0. 

B  3aKJii04eHHe  npHBeneM  pe3yjibxaxbi  3Kcne- 
pHMeHxa.  B  3KcnepHMeHxe  Hcnojib30Bancn  cxaH- 
napxHbin  He-Ne  Jia3ep  xnna  JirH-111  Ha  nawHe 
BoaHbi  A=3,39  pm.  Okiib  xpy6KH  ycxaHaBJiHBajmcb 
non  yrnoM  Epiocxepa.  MoHOKpncxann  xcene30Hx- 
xpHeBoro  rpaHaxa  (Y3Fe5Ol2)  HMen  4>opMy  nuc- 
Ka,  Bbipe3aHHoro  b  KpHcxajuiorpa<J}HMecKOH  ruioc- 
kocxh  (111),  xoaurwHon  1  mm  H anaMexpoM  3  MM. 
IlnocKocxb  nncxa  pacnonaranacb  nepneHnHKynnp- 
ho  och  pe30Haxopa.  IIocxonHHoe  MamHXHoe  none, 
HeoSxonuMoe  nan  nojiyueHHH  c^apaneeBCKoro 
BpameHHn,  co3naBanocb  coneHonnoM.  BejinuMHa 
yrna  *f£  onpeneannacb  npn  noMomu  Kajimnxo- 
Boro  aHanH3axopa,  pa3MemeHHoro  BHe  pe30Ha- 
xopa  na3epa.  MaKCHManbHoe  3HaueHHe  *f£ ,  noc- 
THmyroe  b  3KcnepHMeHxe,  cocxaBJinno  30°  npn 
H=60  3,  x.e.  onnonpoxonHOM  (J>apaneeBCKOM  Bpa- 
meHHH  0=0,6°. 

npHBeneHHbie  naHHbie  Haxonnxcn  b  xopomeM 
cooxBexcxBMH  c  pe3yjibxaxaMH  xeopexnuecKHX 


With  0>  0  the  rotation  angle  accu- 
mulation  is  restricted  to  the  generation 
breakdown,  which  occurs  if  P  <  P'Majr  de¬ 
termined  from  (7)  at  ¥^=90°.  It  is  es¬ 
sential  that  restriction  of  the  intra¬ 
resonator  rotation  angle  is  possible  by  (5) 
before  the  magnetic  crystal  saturation. 

Thus,  the  insertion  of  the  magnetic 
crystal  into  laser  resonator  allows  to 
considerably  increase  the  rotation  angle 
in  comparison  with  single-pass 
Faraday  rotation  0. 

Finally,  we  present  results  of  expe¬ 
riment,  in  which  a  standard  He-Ne  laser 
(LGN-111)  with  k=3,39  pm  was  used. 
The  tube  windows  were  set  at  Brewster 
angle.  The  monocrystal  of  iron-yttrium 
garnet  (Y3Fe5012)  was  a  disk  cut  out  in 
the  crystallographic  plane  (111)  with  1 
mm  thickness  and  3  mm  diameter.  The 
disk  plane  was  perpendicular  to  the 
resonator  axes.  The  constant  magnetic 
field  required  for  Faraday  rotation  was 
provided  by  solenoid.  The  angle  *F£  was 
determined  with  the  use  of  tiff  analyser 
placed  outside  the  laser  resonator.  The 
maximum  value  obtained  in  the 
experiment  was  30°  at  H—  60  oersted, 
i.e.  at  single-pass  Faraday  ratation 
0=0,6°. 

The  given  data  well  agree  with  results 
of  theoretical  calculations.  The  results 
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pacqeTOB.  Pe3yjibTaTbi  pa6oTbi  noKa3biBaioT,  mo 
BHyrpHpe30HaTopHbie  MOflyjiBTopbi  c^apa^eeBCKoro 
THna  aojdkhbi  Ha  nopaaox  h  6onee  6biTb  3(})(})eK- 
THBHee  aHaJIOrHHHblX  BHeiUHHX  MoayjiHTopoB. 


obtained  show  that  intra-resonator  modu¬ 
lators  of  Faraday  type  should  be  of  order 
and  more  effective  than  the  similar  exter¬ 
nal  modulators. 
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B  doKJiade  poccMompiwaemca  nojtnpu3an,uoHHbtu  In  the  presentation,  polarization  infra - 

mympupe3ommopubiii  Modywmop  imynenun  He-  resonator  modulator  of  He-Ne  laser  radi- 

Ne  Jia3epa  mi  ocnoee  Maznumnou  diifpaKWonnoii  ation  based  on  magnetic  diffraction  grating 

pemermcu  (MRP),  no3eojuimu,uu  cyiuficmeemio  yee-  (MDG)  allowing  to  essentially  increase  of 

jinmimb  miKoeyio  Moupiocmb  euxodnozo  u3Aynemui.  output  peak  power  radiation  is  analysed. 

B  Kanecmee  MRP  ucnonbsyemca  duac  113  &cejie30-  As  a  MDG,  a  disk  of  iron-yttrium  garnet 

ummpueeoeo  epanama,  e  Komopoxi  nod  deucmeuexi  is  used,  in  which  a  strip  domain  structure 

ynpaennmupzo  Maznumuozo  no  An  co3daemcn  nono-  influenced  by  control  magnetic  field  is 

coean  doMemian  cmpytcmypa,  npedcmaeAmoigan  co-  created.  This  structure  forms  a  diffraction 

6oii  diuppaKHuonnyio  peiuemKy.  B  omnmue  om  mpa-  grating.  Unlike  traditional  intra-resonator 

dunuonHbix  enympupesonamopiibix  Modynnmopoe  e  modulators,  in  the  given  design  both 

dannoii  cxexie  06a  3epKcma  pe3omimopa  na3epa  ime-  mirrors  of  the  laser  resonator  have  100% 

tom  100%)  K03(p(f)unueHmbi  ompancemin,  a  leinyuenue  reflection  coefficients,  and  the  radiation  is 

GbiGodumcnuepesdiKppaKHUowtbteMaKCimyMbi,  npu-  directed  through  diffraction  maxima,  in 

next  Gbixoduoii  nyn  u  nyv  euympu  pe3onamopa  nonn-  this  case,  the  output  beam  and  beam  inside 

pu3oeaubi  63auMuo  nepneuduKyAnpuo.  B  oKcnepimeume  the  resonator  are  orthogonally  polarized, 

npu  eosdeucmeuu  lamynbcoe  morca  c  aMWiumydou  In  the  experiment,  output  peak  power  20 

do  10  A  u  OAumenbHocmbH)  1  mkc  nonyuena  nuico-  times  exceeding  the  typical  value  was 

ean  Moiupocmb,  e  20  pa3  npeebiiuafoiuax  ebtxoduyio  obtained  under  impact  of  10  A  and  1  ps 

Moupiocmb  A03epa  mpaduu,uomozo  muna.  current  pulses 

Ha  Ka<j)e;jpe  3KcnepnMeHTajibH0M  (f>H3HKM  Development  of  He-Ne  laser  systems 
Cypry  riozt  pyxoBOflCTBOM  aBTopa  aocTaTouHO  (X=3,39  pm)  intended  for  detection  of 
iraBHO  BenyrcH  pa3pa6oTKH  jia3epHbix  ^oKaTopoB  methane  leakages  from  pipelines  and 
jjjin  odnapyaceHHB  yreueK  MeTaHa  H3  Tpybonpo-  installed  on  helicopters  is  carried  out  for 
BortoB  c  6opTa  BepToneTa  Ha  ocHOBe  He-Ne  Jia-  a  quite  long  time  at  the  Experimental 
3epoB,  reHepHpyioiiXHX  Ha  rtriHHe  bojthm  >.=3,39  Physics  Chair  of  SurSU  under  the  author 
pm.  HecKOJibKo  o6pa3itoB  jioKaTOpOB  OKcruiyara-  direction.  Several  prototypes  of  laser  sys- 
pyiOTca  b  pa3JiHHHbix  ra3Qn;o6biBaiomHX  opraHH-  terns  are  used  in  various  gas-production 
3auHBX.  CymecTBeHHbiM  HertocTaiKOM  HBJiaeTCH  companies.  The  essential  deficiency  of  the 
Majiaa  reHepupyiomafl  jia3epaMH  Momnocrb  (15  systems  is  small  output  power  (15  mW) 
mBt)  w  cooTBeTCTBeHHo  HeGojibinaa  BbicoTa  and,  therefore,  low  altitudes  of  helicopter 
nojieTa  BepTOJiera  (—100  m).  flights  (~100m). 

BnaHHOM^OKJianepaccMaTpHBaeTca  B03M0»;-  In  the  given  presentation,  we  con- 
HOCTb  yBeJiHMeHHB  moluhocth  reHepamiH  npo-  sider  opportunity  of  increasing  output 
MbimaeHHbix  He-Ne  jia3epOB  rana  JIFH- 1 1 1  6jra-  power  of  industrial  He-Ne  lasers  (LGN- 
roxiapa  Hcnojib30BaHHio  BHyrpHpe30HaTopHoro  111)  by  means  of  intra- resonator  modu- 
MojtyjiBTOpa,  TOUHee  MO/jyjiHTopa  CBB3H.  3Ta  mien  lator,  or  more  precisely  the  connection 
He  HOBa.  H3BecTHO  HecKOJibKo  pa6or  no  yBejinue-  modulator.  This  idea  is  not  novel.  It  is 
hhk)  nuKOBOH  moiuhocth  He-Ne  h  aproHOBbix  known  results  [1-3]  of  increasing  peak 
;ia3epoB  c  ncnojib30BaHweM  ojieKTpoonTHuecKux,  power  of  He-Ne  and  argon  lasers  with 
a  Tax^e  aKycroonTHuecKHx  MoayaaTopoB  [1-3].  Ojx-  the  use  of  electrooptic  and  acousto- 
HaKO  H3-3a  TperiyeMbix  Sojibinnx  MO^yjinpyiomHX  optical  modulators.  However,  because  of 
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cuniajroB  TaiOKe  KOHcrpyKHiui  He  nojiymriM  cbo- 
ero  pa3BHTHa. 

HaMH  npejOJiaraeTCH  jvm  McncAb30BaHMA  b 
xaqecTBe  BHyTpwpe30HaTopHoro  MOAyAATopa 
MaraHTHan  AM(})paxuHOHHaa  pemeTKa  c  Aocra- 
TOUHO  GOAbUIOM  AM(})paXLlHOHHOH  SCj^eXTHBHO- 
CTblO,  MajIbIMH  FIOTepAMH  M  He6oAbUIMMH  MO- 
jiyjIHp^TOmHMH  TOK3MH  [4]. 

KoHCTpyKUHfl  npe/uraraeMoro  MOAyAATopa 
npHBeiieHa  Ha  pHc.  1. 


required  large  modulating  signals  these 
designs  are  not  prospective. 

We  suggest  to  use  magnetic  diffrac¬ 
tion  grating  with  enough  high  efficiency, 
small  losses  and  modulating  currents  [4] 
as  the  intra- resonator  modulator. 


The  design  of  the  modulator  is 
shown  in  Fig.  1. 


5 


Phc.  1.  E;ioK-cxeMa  yciaHOBKu:  l  h  2  ~  3epxana  pe3onaTopa  Jia3epa  c  xoa^xhHUHeHTaMH 
OTpaxemia  okojio  100%,  3  —  He-Ne  axTHBHaa  cpeAa,  4  ~  amck  H3  MOHOKpucTajuia 
)KeAe30HTTpMeBoro  rpauaTa,  5  —  KaiyuiKH  reabMrojibua,  6  h  6’  —  AHtfiparnpoBaBiime 
jiyMH  /nopaAKa,  7  —  AHH3a,  co6upaiomaa  Au^parupoBaBiuHeayau,  8  —  ayBCTBH- 
TeabHyio  ruiomaAxy  (J)OTOpe3HCTOpa  COH-12,  9  -  peracTpupyioiuee  ycTpoucTBO,  10 
-  reHepaTop  HMnyAbcoB  Toxa 

Fig.  1.  Block  diagram  of  the  installation:  mirrors  of  laser's  resonator  with  reflection  factor 
about  100%  (1  and  2),  He-Ne  active  medium  (3),  disk  of  yttrium  iron  garnet 
monocrystal  (4),  Helmholtz  coils  (5),  diffracting  beams  of  7-th  order  (6  and  6'),  lens 
collecting  diffracting  beams  (7),  light  sensing  site  of  photoresistor  (8),  recorder  (9), 
current  pulse  generator  (10) 


Kax  bhaho,  H3JiyieHHe  Aa3epa  He  BbiBOAirrca  qe- 
pe3  3epxana,  a  BbiBOAMrca  tojibko  3a  cqer  AH^paxunH 
na  noAocoBbix  AOMenax  (})eppHTOBoro  o6pa3ira. 
ripmieM,  HanyqeHHH  am  (JjpaxiiM  o  h  h  bix  MaxcuMyMOB 
noAflpH3QBaHbi  noA  yrAOM  90°  no  oTHoineHMio  k  no- 
JiHpH3aitHH  nanaiomero  Ha  MJJP  Avqa. 

OueHHM  (J)OpMy,  AAMTCAbHOCTb  H  MOlAHOCTb 
CBeTOBbIX  HMnyAbCOB,  BbIBOAHMbIX  M3  pe30HaTO- 
pa,  ecAM  cuMTaTb,  hto  reHepaTop  Toxa  aah  nn- 
TaHHH  xaTymex  TeAbMroAbua  co3AaeT  npAMoy- 
roAbHbie  HMnyAbCbi  AJiMTeAbHocTbio  T. 

CaeAaeM  ABa  npeAnoAoxemiA.  Bo-nepBbix,  6y- 
AeM  cquTaTb,  hto  AAHTeAbHocrb  MMnyAbca  TOXa 
T  cymecTBeHHo  GoAbuie  BpeMeHM  npoxo>XAeHHH 
cBeTa  b  pe30HaT0pe  3a  oahh  npoxoA-  Bo-BTopbix, 
M3RAeqeHMe  HaxoruieHHOH  sHepran  M3  pe30HaTopa 
nponcxoAHT  3a  AocraTouHo  xopoaxoe  Bp  cm  a.  ^^o 
03Haqaer,  qro  3a  BpeMH  achcibha  cBeroBoro  uMnyibca 
He  nponcxoAHT  xaxoro-HH6yAb  3aMerHoro  H3Mene- 
HHH  MOIUHOCTH  CBeia  B  pe3OHaT0pe,  T.e.  AttHTCAbHOCTb 
H3BAexaeMoro  cseroBoro  HMnynbca  AQJDKHa  6brrb  cy- 
utecTBeHHo  xopoue  BpeMeHM  ycran orachh a  craim- 
oHapHbrx  xoAeSaHMM  b  pe30HaTope. 


As  seen,  the  laser  radiation  is  directed 
only  due  to  diffraction  on  strip  domains 
of  the  ferrite  sample.  In  this  case,  radia¬ 
tion  of  diffraction  maxima  is  polarized  at 
90°  relatively  to  polarization  of  beam 
incident  on  the  MDG. 

Let  us  estimate  shape,  duration  and 
power  of  the  light  pulses  at  the  resonator 
output,  on  condition  that  the  current  ge¬ 
nerator  for  feeding  Helmholtz  forms 
square  pulses  with  duration  T. 

Let  us  make  two  assumptions.  At 
first,  let  us  consider  that  the  current  pulse 
duration  T  is  much  more  than  time  of 
light  single  passage  in  the  resonator. 
Second,  extraction  of  the  energy  accu¬ 
mulated  in  the  resonator  occurs  for  a  quite 
short  period.  It  means  that  during  the  light 
passage  there  is  no  visible  change  of  the 
light  power  in  the  resonator,  i.e.  duration 
of  the  extracted  light  pulse  should  be  much 
shorter  than  interval  of  stationary  oscil¬ 
lations  formation  in  the  resonator. 
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CpejiHflfl  MomHocTb  CBeTOBoro  cHrnajia,  H3-  For  the  case  of  1 00%  modulation,  the 

BJieKaeMoro  H3  pe30Haxopa  b  cjiyuae  100%  niy-  mean  power  of  light  signal  extracted 
6HHbi  MoayjmuHH,  MoxeT  6biTb  no^cuHTana  no  from  the  resonator  can  be  found  as 
cjietfyiomeH  cj)opMyjie  follows 

=2r|P(l-r|),  (1) 

r^e  p  -  MomHocxb  cBCTOBbix  KOJiebaHHM  b  pe-  where  P  is  power  of  light  oscillations  in 
3onaTope,  r\  -  flH^paKUHOHHaH  the  resonator,  r\  is  the  MDG  diffraction 

HOCTb  MflP.  Toma  KFW  MOAyjiHTopa  x  HaimeM  efficiency.  Then,  the  modulator  effici- 
H3  Bbipaxeunn  ency  is  written  in  the  form 


x  =  P0/P  =  2ti(1-ti).  (2) 

OopMa  CBeTOBoro  MMnyjibca  Mo^xeT  6biTt  no-  The  light  pulse  shape  can  be  found 
jiyuena  H3  pemeHMH  /m(j)(j>epeHiXHajibHoro  ypaB-  from  solution  of  differential  equation  [2] 
HCHHH  [2] 

(3) 

IV  tc  dt 

3^ecb  L  —  /uiHHa  pe30Haropa  ;ia3epa,  c  —  cko-  Here  L'  is  the  laser  resonator  length,  c 
pocxb  cBeTa.  *s  hght  speed. 

PeineHne  (3)  3annmeM  b  Brme  The  solution  (3)  is  written  as 


/>=  Fexp \rwrc)'  l-T' 


B  (4)  P  -  MomHocTb  H3JiyueHHH  BHyrpn  pe30Ha- 
Topa  npn  /  =  0.  Bbipa3HM  P  uepe3  napaMeTpbi 
aKTMBHon  cpejibi  w  BejiHUHHy  norepb  pe30Haiopa. 
fljia  3Toro  Bocnonb3yeMcn  xopoiuo  M3BecTHon 
c])opMyjioM  ahh  HacbimeHHoro  Kos^HimeHTa 
yCMJieHHB  aKTHBHOM  cpe^bi 


In  (4),  P  is  radiation  power  inside  the 
resonator  at  r=0.  Let  us  express  P  through 
parameters  of  active  medium  and  reso¬ 
nator  losses.  For  this  purpose,  we  use 
the  well  known  expression  for  saturated 
gain  factor  of  active  medium. 


me  gQ  -  K03(f4>HUHeHT  ycHJieHHH  aKTHBHon  cpe- 
jibi  npH  oTcyTCTBHM  HacbimcHHfl,  Pm  —  napaMeTp 
nacbimeHwn,  v  —  noKa3aiejib  cTeneHH,  3aBMca- 
iuhh  ot  xapaicrepa  ymnpeHHH  jimhhm  ycurceuMfl. 
YuHTbiBaa,  uto  pj\$i  Manoro  nacbimcHHoro  ycn- 
jieHHa  KOJiebaHHH  b  pe30HaTOpe  ycraHaBJiHBa- 
lOTca  3a  oahh  npoxoa,  MoxeM  3anncaTb 

gL~  a, 

me  L  -  juivihq.  ra30pa3pan,HOM  Tpy6KH  Jia3epa,  a  - 
nojiHbie  noTepn  pe30HaT0pa  c  4>eppHTOBbiM  06- 
pa3UOM. 

IloACTaBjian  (6)  b  (5),  nojiyunw  <j)opMyjiy  turn 
P  b  BHae 


where  gQ  is  the  gain  factor  of  active  me¬ 
dium  without  saturation,  Pm  is  the 
saturation  parameter,  v  is  exponent  de¬ 
pending  on  broadening  of  the  gain  line. 
Since  for  a  low  saturated  gain,  the  reso¬ 
nator  oscillations  are  formed  for  one 
passage,  we  can  write  the  following 

(6) 

where  L  is  length  of  the  laser  gas- 
dischaige  tube,  and  a  is  total  losses  of  the 
resonator  with  ferrite  sample. 

Substituting  (6)  in  (5)  gives 


144 


Polarization  Modulator  of  He-Ne  Laser  Radiation 


Orcioaa  bhaho,  hto  ypoBeHb  moiuhocth  P 
pe3Ko  yBcriMHMBaeTC5i,  ecjrn  a  g0L ,  oco6eHHO  jm 
jia3epoB  c  HeoOTOpo^Ho-yniHpeHHOH  jihhhch  ycH- 
jieHHH  (xaK  b  HarneM  cjiyuae),  Kor^a  v=0,5  . 

HcnoAb3yn  (popMyAbi  (7)  h  (4)  aha  HeoAHO- 
POAHO  yUlHpeHHOH  AHHHH,  MOIUHOCTb,  H3RJieKae- 
Man  H3  pe30HaTopa,  MoaceT  6biTb  noACHHTana  no 
4>opMyjie 


It  is  seen  that  power  P  essentially 
increases  if  a  «:g0Z,  and  especially  for 
lasers  with  non-nniformly  widened  gain 
line  (our  case)  when  v=0,5. 

The  use  of  (7)  and  (4)  for  nonuni¬ 
form  ly  widened  gain  line  allows  to  find 
power  extracted  from  the  resonator 


(8) 


BpeMH  ycTaHOBJieHHH  moiuhocth  b  pe30Haio-  Time  period  for  power  stabilization  in 
pe  paccuHTaeM  H3  ypaBHeHH*  [5]  the  resonator  is  calculated  [5]  as 


fj ,P=_£ 
dt  Vic 


(gL-  a). 


(9) 


Hapnc.  2  npHBeAeHbi  KaqecTBeHHbie  rpacJ)HKH  Figure  2  shows  qualitative  diagrams 
peuieHHH  ypaBHeHHH  (9).  of  the  equation  (9)  solution. 


PhC.  2.  3aBHCHMOCTb  OTHOCHTCJlbHOH  MOIUHOCTH  BHyTpH  pe30HaT0pa  p 
ot  BpeMeHH:  1  —  aKTHBHaa  cpeua  c  oahopoaho  yuiMpeHHOM 
AHHweft,  2  -  aKTHBHaa  cpeAa  c  HeoAHopoAHO  yiiiHpeHHoft 
AHHMeH 

Fig.  2.  Time  dependence  of  relative  power  p  inside  resonator:  active  media 
with  uniformly  (1)  and  non-uniformly  (2)  broaden  lines 


M3  peuieHHH  (9)  TaKxce  HaxoAHTca  BpeMH  x, 
HeobxoAHMoe  aah  B03pacTaHua  oHeprHH  b  pe30- 
HaTope  c  10%  ao  90%  cBoero  MaxcHMajibHoro 
3HaueHHa. 

riOACUHTaeM  CpeAHIOJO  MOUTH OCTb  BblXOAHOro 
CBeTOBoro  HMnyAbca  no  4>opMyAe 


The  solution  of  (9)  allows  to  find 
time  x  necessary  for  increasing  energy 
in  the  resonator  from  10  to  90%  of  the 
maximum  value. 

Let  us  calculate  mean  power  of  output 
light  pulse  by  formula 


ae=a p  r 
At~  Af  V 


(10) 


rAe  A E—  sHepraa,  BbixoAfliuau  H3  pe30HaT0pa, 
A P  —  H3MeHeHHe  ypOBHA  MOUXHOCTH  BHyTpH  pe- 
30HaTopa,  Bbi3BaHHoe  BbixoAOM  OHeprHH,  At-  ne- 
pHOA  CJieAOBaHHfl  CBeTOBbIX  HMnyAbCOB. 

3KcnepHMeHTaAbHbie  pe3yAbTaTbi  npHBeue- 
jfbi  aah  cjieuyioiuHx  napaMeTpoB  MOAyJiATopa 


where  A  E  is  energy  at  the  resonator,  A P 
is  power  change  inside  the  resonator 
caused  by  the  energy  output,  At  is 
repetition  period  of  light  pulses. 

The  experimental  results  were  ob¬ 
tained  for  the  following  parameters  of 
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(puc.  1).  06pa3eu  xejie30nrrpHeBoro  rpanaTa  Bbi- 
SupajicH  b  BHue  aHCKa  anaMerpoM  6  mm,  toji- 
iuhhom  1  mm.  Hctohhhk  TOKa  reHepHpoBaji 
nocJie^oBaiejibHocTb  npaMoyrojibHbix  MMnyjibcoB 
JXH HTejfbHOCTblO  1  MKC  CO  CKBcDKHOCTblO  20.  AMn- 

jirnyfla  HMny^bcoB  uocTnrjia  10  A,  mo  oGecne- 
HHBano,  Gjiarouapa  KaTyuiKaM  rejibMrojibna,  Be- 
jiHMHHy  MarHHTHoro  nojiB  b  njiocKocTH  o6pa3ue 
nopamca  40-^60  3  h,  cJieaoBaTejibHo,  nojiocoByio 
HOMennyK)  crpyKTypy.  3<JxjreKTHBHocrb  uH^paioiHH 
6buia  okojio  10%.  AnHHa  ra3opa3p5WHOH  Tpy6KM 
L—\  m,  ^yiMHa  pe30HaT0pa  ;ia3epa  L— 1,2  m. 

Ha  pHc.3  npHBe,aeHbi  ueTbipe  3aBHCMMOCTH 
MOIUHOCTH  BHyTpH  pe30HaT0pa  OT  BpeMeHH. 


the  modulator  (Fig.  1).  A  sample  of 
yttrium  iron  garnet  was  chosen  as  disk 
with  6  mm  diameter,  and  1  mm  thickness. 
The  current  source  generated  sequence 
of  square  pulses  with  1  ps  duration  and 
duty  factor  20.  The  pulse  amplitude  was 
10  A  that  provided  40-^60  oersted  magne¬ 
tic  field  (and,  therefore,  strip  domain 
structure)  in  the  sample  plane.  The 
diffraction  efficiency  was  about  10%.  The 
gas- discharge  tube  length  L=  1  m,  and 
laser  resonator  length  L— 1,2  m. 

Figure  3  shows  four  dependences  of 
power  inside  the  resonator  versus  time. 


PhC.  3.  CeMCMCTBO  3aBHCHMOCTeH  OTHOCHTejIbHOH  MOIUHOCTH  BHyipU 
pe30HaTOpa  ot  BpeMeHH.  1  -  MaKCHMajibHan  aMruiKTyaa 
reHepaTopa  TOKa,  4  -  MHHHMajibHan  aMruiHTyua  reHepaTopa  TOKa 
Fig.  3.  Dependence  family  of  relative  power  inside  resonator.  Maximum 
(1)  and  minimum  (4)  amplitude  of  current  generator 


KaK  BHUHO,  KpHBaa  1  COOTBeTCTByeT  MaKCHMaJIb- 

Hofi,  a  KpHBa 5i  4  -  MHHHMajibHon  aMruiHTyue 
HMnyjibca  TOKa  b  KaTyuiKe  cooTBeTCTBeHHO,  T.e. 
3TH  KpHBbie  nojiyueHbi  jui a  paaanqHbix  3$$eK- 
THBHOCTeit  AM(j)paKUHM . 


It  is  evident  that  curves  1  and  4  corres¬ 
pond  to  maximum  and  minimum  ampli¬ 
tudes  of  current  pulse  in  coil,  i.e.  these 
curves  were  obtained  for  different  values 
of  diffraction  efficiency. 


Puc.  4.  OopMa  cBeroBbix  HMnyjibcoB  (2),  HHTeHCHBHocrb  b  pe30HaT0pe 
(3),  HMnyjibCbi  TOKa  (1) 

Fig.  4.  Diagrams  of  light  pulses  (2),  intensity  in  resonator  (3)  and  current 
pulses  (1) 

Ha  pHC.  4  npHBeueHbi  TpH  3KcnepHMeHxajib-  Figure  4  shows  three  experimental 
Hbie  ocuHJUiorpaMMbi:  1  -  HMnyjibCbi  TOKa  rene-  oscillograms,  corresponding  to  current 
paTopa  (puc.  I),  2  —  MomHocTb  M3JiyHeHHH  b  pulses  of  the  oscillator  (1),  radiated 
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pe30HaTope,  3  -  HMnyjibcw  moiuhocth,  H3BJie- 
KaeMbie  H3  pe30HaT0pa. 

AHajTH3Hpy«  nojiyqeHHbie  pe3yjibTaTbi,  moxc- 
ho  cKa3aTb  cjie/iyiomee.  Cpe/iHflfl  Bbixo^Han 
MoniHOCTb  HccJie,ayeMoro  ;ia3epa  6biJia  npHMep- 
ho  TaKOM  xce,  KaK  u  y  Tpa^HUHOHHoro  jia3epa, 
paSoTaiomero  b  HenpepbiBHOM  pexcHMe  c  ofl- 
hhm  nojiynpo3paqHbiM  3epKa^0M.  O^naKo  nH- 
KOBan  MomHOCTb  b  15  pa3  npeB3ouuia  cpezunoio 
MomHocTb  ;ia3epa  JirH-1 1 1. 

OopMa  Bbixo^Horo  MMnyjibca  w  ero  /uiHTejib- 
HOCTb  3aBMCHT  OT  /UlHTeJIbHOCTH  HMnyjIbCa  TOKa 
H  MHepUHOHHOCTH  MOJtyjIHTOpa.  K  COXaJieHHK), 
nojryMHTb  6o;iee  KopoTKne  HMnyjibCbi  CBeTOBOH 
MOIUHOCTH  He  yuajIOCb  H3-3a  HHepUHOHHOCTH 
KaTymeK  T ejibTrojibna. 


power  in  the  resonator  (2),  and  extrac¬ 
ted  power  pulses  (3). 

Analysis  of  the  given  results  allows 
to  state  the  following.  Mean  output  power 
of  the  investigated  laser  was  close  to 
power  of  a  typical  laser  working  in  con¬ 
tinuous  mode  with  one  semitransparent 
mirror.  However,  the  peak  power  was 
15  times  more  than  mean  power  of  the 
laser  LGN-111. 

The  shape  of  output  pulse  and  its 
duration  depend  on  current  pulse  dura¬ 
tion  and  responce  time  of  the  modulator. 
Unfortunately,  we  could  not  form  more 
short  light  pulses  because  of  responce 
time  of  the  Helmholtz  coils. 
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The  proper  formulation  of  the  electromag¬ 
netic  wave  scattering  problem  from  coherent 
point  targets  in  the  general  bi-static  case 
depends  on  the  introduction  of  appropriate 
polarimetric  coordinate  systems.  This  contri¬ 
bution  points  out  deficiencies  of  often  used 
Forward  Scattering  Alignment *  (FSA)  and 
the  Back  Scatter  Alignment *  (BSA)  conven  - 
tions  and  attempts  to  modify  these  concepts 
by  explicitly  introducing  the  time  reversal 
operation 


CHCTCMbl  KOOpflHHaTbl  HCnOJlb3yiOTCfl  m n 
TOrO,  MTo6bI  nOHHTb  H  KOHKpeTH3HpOBaTb  one- 
paTopHbie  nojieBbie  cooTHomeHHa,  ccjjopMyjiH- 
pOBaHHbie  b  a6cTpaKTHbix  repMHHax  BeicropoB  h 
MarpHU  B  KOHeHHOMepHbIX  KOMmeKCHblX  JIHHeH- 
Hbix  BeKTopHbix  npocTpaHCTBax.  npH  Bbl6ope 
npaBHJibHbix  KoopflHHaTHbix  CHCTeM  h  coniaiue- 
HHft  HyxcHa  6ojibina5i  ocropoxcHocrb,  UToSbi  3th 
c^opMyjiHpoBKH  no3BOJiHJiH  HanpHMyio  HCIIOJIb- 
30BaTb  H3BeCTHbie  MaTeMBTHHeCKHe  TeOpeM  B 
OTHOIlieHHH  (J)H3HHeCKOrO  MHpa  pa3J!HMHbIX  cue- 
HapweB  pacceaHHH.  B  qacTHocra,  sto  npHMeHa- 
ercs!  k  <J)opMyjiHpoBKe  3aaaq  paccenHHH  npH  hc- 
nojib30BaHHH  oGbiHHbix  cornameHHH  FSA  h  BSA 
zuih  oGmero  cjiynan  ,nByxno3HUHOHHotf  PJI  no- 
jmpHMeTpHH.  3to  npe^JioxeHHe  xaioxe  cbh33ho 
C  nonblTKOH  06'beflHHHTb  TpajtHUHOHHbie  <J>op- 
MyjlMpOBKH  B  BH/te  ypaBHeHHH  paflHOJIOKaUHH  H 
ypaBHeHHH  HanpnxeHwn,  KOTopbie  cuHTarorca 
JXByMH  He3aBHCHMbIMM  KpaeyTOJIbHblMH  KUMHH- 

mh  PJI  nojiHpHMeTpHH  Ha  o^hom  (JiyunaMeHTe. 


Coordinate  systems  are  used  to  realize 
and  concretize  operator-valued  field 
relations  formulated  in  abstract  vector 
spaces  in  terms  of  vectors  and  matrices 
in  finite-dimensional  complex  linear 
vector  spaces.  Great  care  must  be  exercised 
in  choosing  the  correct  coordinate  systems 
and  conventions  in  such  a  way  that  the 
formulations  allow  a  direct  application  of 
well-established  mathematical  theorems 
to  the  physical  world  of  the  various 
scattering  scenarios.  This  applies  in 
particular  to  the  formulation  of  scatter 
problems  using  the  conventional  FSA  and 
the  BSA  conventions  in  general  bi-static 
radar  polarimetry.  This  suggestion  is  also 
connected  with  the  attempt  to  recombine 
the  traditional  formulations  via  the  radar 
equation  and  via  the  voltage  equation, 
considered  to  be  the  two  independent 
cornerstones  of  radar  polarimetry,  on  an 
equal  cohesive  footing. 
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BBe^eHHe 


Introduction 


PaccMorpHM  aHTeHHy  c  BeKTopaMH  aHTeH¬ 
Hbi  h{ ,  pacnojTO^KeHHyK)  b  Touxe  1  h  H3Jiyuaio- 
myio  sjieKTpuqecKoe  none,  xoTopon  3anaeicn  b 
najibnen  3one  E]  b  tomxc  2  n  npnmiMaeTcn  TaM 
aHTeHHoii  c  BeKTopOM  aHTeHHbi  h2.  BB  cboio 
onepenb  3Ta  aHTeHna  H3JiyHaeT  ajiexTpHuecxoe 
none,  KOTopoe  b  Touxe  1  3a^aeTcn  E2  n^npn- 
HHMaeTcn  Ton  nee  amenHon  c  BeicropOM  \  .  Te- 
opeMa  B3anMH0CTM  JIopeHua  nonpa3yMeBaeT  cne- 
nyiomne  ocHOBHbie  cooTHomeHnn  (cm.  Mott  [1]) 


Let  us  consider  an  antenna  with 
antenna  vectors'/^  located  at  position  1 
and  transmitting  an  electric  field  that  in 
the  far  field  at  position  2  is  given  by  E{ 
and  is  received  there  by  an  antenna  with 
antenna  vector  h2 .  This  antenna  on  the 
other  hand  emits  an  electric  field  that  at 
position  1  is  given  by  E2  and  is  received 
there  by  the  antenna  with  antenna  vector 
.Lorentz'  reciprocity  theorem  implies 
the  basic  relationship,  see  Mott  [1] 


v>, .  e2) =\-e2= h[s2 = » v  jwm;) 


rae  Kaxaaa  h3  nap  hl,E2  n  h2,E{,  3anaeTca  b 
coficTBeHHOH  jiHHeHHOM  CHCTeMe  KoopaHnaT.  9th 
BbipaaceHim  aBJi5noTCH  6naHHenHbiMH  (JiopMaMH 
(ne  cKaaapHbie  npOH3BeaeHHa)  h  onncbmaiOT 
HaBeaeHHbie  HanpJDKeHHa.  FIosTOMy  3th  cJiopMbi 
Macro  Ha3bmaiOT  ypaBHeHHHMH  HanpaxceHna.  Ohh 
oTJiHMaiOTca  ot  cranaapTHbix  yHMrapHbix  cxanap- 
Hbix  npoH3BeaeHHH  <  p,q>  =  pr*q ,  c  KoropbiMH 
CTaaKHBaioTca  b  nojiapHMeTpHH,  h  hx  Hcnojib30- 
Baan,  HanpHMep,  jura  onpeaeaemm  opTOHop- 
MaabHOCTH  h  opToroHajibHOcra. 

Ofipametme  BpeMCHu 

CBa3b  Me>xay  GMJiMHeMHbiMH  (jjopMaMH  h  cran- 
aapTHbiM  cKaaapHbiM  npoH3BeaenneM  ocHOBaHo 
Ha  npeacraBaeHHH  o  tom,  hto  SnaHHeitHbie  4>op- 
Mbi  BKaiouaiOT  ana  Bexropa,  onpeaeaeHHbie  aaa 
pacnpocTpaHeHHa  BoaHbi  b  npoTHBonoawKHbix 
Hanpannemiax,  roraa  xax  yHHrapHoe  CKaaapHoe 
npoM3BeaeHne  Hcnonb3yeT  jmiiib  noaapH3aimoH- 
Hbie  BeKTOpbl,  KOTOpbie  COOTBCTCTByiOT  BoaHaM, 
pacnpocTpamnomHMca  b  qohom  h  tom  ace  Haripas- 
aeHMH.  npHMeHaa  KOHitenumo  ofipameHHH  Bpe- 
MeHH  6naHHHHaa  (})opMa  rana  (/jp£2)  aoaxaia 
6biTb  3anncaHa  6oaee  tomho  b  BHae 


where  each  one  of  the  pairs  \  ,  E2  and 
h2,El  are  given  in  its  own  linear 
coordinate  system.  The  expressions  are 
bilinear  forms  (not  scalar  products) 
and  describe  induced  voltages.  These 
forms  are  therefore  often  called  voltage 
equations.  They  are  quite  different  from 
the  standard  unitary  scalar  products 
<  p9q  >~  pT*q  encountered  in  polari- 
metry  and  used  for  instance  to  define 
orthonormality  and  orthogonality. 

Time  reversal 

The  connection  between  the  bilinear 
forms  and  the  standard  scalar  product 
is  based  on  the  realization  that  the 
bilinear  forms  involve  two  vectors 
defined  for  wave  propagation  in 
opposite  directions  whereas  the  unitary 
scalar  product  involves  only  polarization 
vectors  that  correspond  to  waves  propa¬ 
gating  in  one  and  the  same  direction. 
Applying  the  concept  of  time  reversal  a 
bilinear  form  like  (/t,,£2)  should  be 
written  more  precisely  as 


Vh.EJ  =  =  KT"K  =  (K TE2  =  <hl',E2>. 


OopMajibHoe  conpnxceHMe  \  nponcxoaHT 
M3-3a  onepauHH  oSpameHHn  BpeMeHM,  KOTopoe 
H3MeHneT  HanpaBJieHwe  pacnpocTpaHeHHH,  h 
(b  JiHHenHOM  6a3Hce)  Bbi3biBaeT  H3MeHeHne  Ha- 
npaBJieHHM  Bpamenna  sjumnea  nojiapH3auHH 
nyreM  KOMnjieKCHoro  conpaxceHHH  (cm.  JIiOHe- 
6ypr  [2]).  llpeOTOJioxcHM,  mto  3JiexTpHHecxoe 
nojie  El  (o6ycjioB^eHHoe  BexTopoM  aHTeHHbi 
h j )  b  Touxe  2  6buio  H3MeHeHO  pacceHBarejieM 


The  formal  conjugation  /*,*  is  due  to 
the  time  reversal  operation  that  changes 
the  direction  of  propagation  and  (in  a 
linear  basis)  produces  a  change  of  sense 
of  rotation  of  the  polarization  ellipse  by 
complex  conjugation,  see  Luneburg  [2]. 
Suppose  that  the  electric  field  Ex  (pro¬ 
duced  by  antenna  vector  )  at  position 
2  has  been  modified  by  a  scatterer  S 
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5,  pacnojioxeHHbiM  b  TOMKe  3,  h  no^odHo  TOMy, 
kbk  3JieKTpHuecKoe  nojie  E2  (odycjioBJieHHoe 
BeKTOpOM  3HTeHHbl  h2  B  TOMKe  1)  6bTJ10  MOflH- 
(J)H uh poBaH o  TeM  xe  caMbiM  pacceMBaTejieM  b 
TOHKe  3.  Toma,  nojiynaeM 

El(r2)  =  S(r2*-r3<r-r1)h,(rl);  E2 

FlonepeuHbie  cncreMbi  KoopmiHaTbi  b  tomksx 
1  h  2  o6o3HaqeHH  KaK  B=\xv  yx}  h  B={x2,  y2}, 
cooTBercTBeHHo;  Macro  hx  6epyr  TeMM  >Ke  caMbiMH 
Ha  nepeflany  h  npnew.  9th  anyxMepHbie  cHcreMbi 

KOOp^HHaTbl  OXBaTbl BOJOT  KOMnJieKCH(J)HUHpOBaH- 
Hbie  njiocKocTH,  nepneHAHKyjiMpHbie  jihhhhm 
Me)my  no3MUHOHHbiMH  BeKTopaMM  rl  m  r3 ,  a  TaK 
ace  r2  h  r3 ;  ohh  Hcnonb3yioTca  jjjin  onncaHHH 
nojiapH3auHOHHbix  nnocKOCTen,  BKJiioMaa  Ha- 
npaBJieHMe  BpaineHHn.  Mbi  He  bbo,ii.hm  jieByio  hjih 
npaByio  TpexMepHbie  CHcreMbi  KoopBLHHaibi ,  KaK 
3TO  ^eJiaeTca  o6biMHO,  Koma  TpeTba  ocb  z  na- 
paiuiejibHa  hjih  aHranapajuiejibHa  HanpaBJieHHio 
pacnpocrpaHCHHa  kj  hjih  ks  •  CneaoBaxejibHO, 

(4(r2),£,(r2))  =  (£2(F2) 

=  (hl(i\),E2(.r]))  =  (Fh(i 

a  cpaBHMBaa  'i.nenw  nojiyiaeM 

S(r2  <-  r3  4-  rt) 

HJIH 


3aecb  npaBbiH  HH,aeKC  A  b  bSa  o6o3iiauaeT 
o6;iacTb  onpe,aejieHMH  (domain),  a  JieBbin  hh- 
zieKC  B  -  BHana30H  (range)  onepaTopa  S .  H3  npe- 
Ubiaymero  com  am  eH  mb  HenocpeacTBeHHo  cjie- 
ayer,  mto  cHCTeMa  KooptWHaTbi  jxjib  o6jiacTH 
onepaTopa  pacceaHHB  Sty2  <-r3  <—f\)  comacy- 
eTCB  C  aHTeHHOH  CHCTeMOH  KOOpaHHaT  {x,,  yj  H 

mto  CHCTeMa  KOOpAHHaTbi  ee  anana30Ha  comacy- 
eTCH  c  aHTeHHOH  CHCTeMOH  KOOpjXHHaT  {x2,  y2>. 
Pojih  odjiacTH  h  anana30Ha  pm  onepaTopa  06- 
paTHoro  pacceBHHH  Styx  <~r3  <-r2)  MeHMioT- 
C5I  MeCTBMH. 

B  cjiynae  cTporo  o^Hono3HOHHoii  pattnojio- 
KauHH  no3HUHOHHbie  Beicropbi  rx  h  r2  coBna^a- 
IOT  r]=r2  =r0.  flaxe  b  stom  cjiynae  He  o6ma- 
TejibHO  Hcnojib3QBaTb  coBna^aiomne  chctcmm 


located  at  position  3  and  similarly  that 
the  electric  field  E2  (produced  by  antenna 
vector  h2  at  position  1)  has  been 
modified  by  the  same  scatterer  at  position 
3.  Then  in  obvious  notation,  one  obtains 

rl)  =  S(rl<r-r3<-r2)h2(r2). 

The  transversal  coordinate  systems  at 
positions  1  and  2  are  denoted  as  B=  {xx, 
yx)  and  B={xr  y2),  respectively,  and  are 
often  taken  to  be  the  same  for  trans¬ 
mission  and  reception.  These  two-dimen¬ 
sional  coordinate  systems  span  comp¬ 
lexified  planes  perpendicular  to  the  lines 
between  position  vectors  rx  and  r3  as  well 
as  r2  and  r3  and  are  used  to  describe  the 
polarization  planes  including  the  direction 
of  rotation.  We  do  not  introduce  a  left-  or 
right-handed  three-dimensional  coor¬ 
dinate  system  as  is  done  conventionally 
where  a  third  z-axis  is  parallel  or  anti¬ 
parallel  to  the  direction  of  propagation 
k.  or  ks .  Hence, 

S(r2  <—  r3  = 

),S(r,<-r3<-r2)h2(r2)) 

and  comparing  terms  we  conclude 

■  SrQ \  <-?3  <-r2) 
or 

,r 

%  * 

Here  the  right  index  A  in  B  SA  denotes 
the  domain  and  the  right  index  B  the  range 
of  the  operator  S.  From  the  preceding 
convention  it  follows  directly  that  the 
coordinate  system  for  the  domain  of  the 
scattering  operator  Sty2  <r-r3<—rx)  agrees 
with  the  antenna  coordinate  system  {xp  yx) 
and  that  the  coordinate  system  of  its  range 
agrees  with  the  antenna  coordinate  system 
{x2,  y2}.  For  the  inverse  scattering  operator 
Styx  <-  r3  <-  r2)  the  roles  of  domain  and 
range  are  interchanged. 

In  the  strict  monostatic  radar  back- 
scattering  case  the  position  vectors  rx  and 
r2  coincide  rx  =  r2  =  r0.  It  is  not  necessary 
even  in  this  case  to  use  coinciding  coor- 
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KoopjiHHaTbi  npM  o6meM  nojioxeHHH  win  oSnac- 
th  h  jmana30Ha  onepaiopa  S.  OjmaKo,  ecjin  Mbi 
BbiGnpaeM  B=B=B,  T.e.  coBnaaaiomKe  cncreMbi 
KoopaHHaT,  to  Toraa  Mbi  nojiyuaeM  uacTHbin 
npuBJieKaTejibHbm ccjiy^ian,  xoraa  BSB  =B  SB  hjih 
6ojiee  KpaTKO  S  =  ST . 

B  6ojiee  o6men  cHTyauHM,  Koraa  B{*BV  06- 
mee  cooTHomeHHe  ^  ,  npHBeaeHHoe 

Bbime  cnpaBe/uiMBo,  ho  ero  fipHMeHeHne  orpa- 
hhhcho,  noKa  He  6yaeT  aoKa3aHO,  hto  ajih  06- 
jiacTH  w  aHana30Ha  onepaiopa  Hyxno  ncnojib- 
30BaTb  Te  xe  caMbie  CHCTeMbi  KoopjniHaTbi  Ha 
o6enx  CTOpoHax. 


dinate  systems  at  the  common  location  for 
the  domain  and  the  range  of  the  operator  S. 
However,  if  we  choose  B=B=B ,  i.e., 
coinciding  coordinate  systems,  then  we 
obtain  the  particular  appealing  situation 
that  bSb  -b  Stb  or  short  S  =  ST . 

In  the  more  general  situation  when 
B^B2  the  general  relation  A  SBi  =  ^ 
shown  above  is  valid  but  of  limited  use 
since  to  be  able  to  draw  useful  conclu¬ 
sions  the  same  coordinate  systems  on 
both  sides  for  the  domain  and  the  range 
of  the  operator  must  be  taken. 


FSA h  BSA 

C  nejibK)  onTHMH3auHH  moiuhocth  b  o6meM 
cjiyuae  t.h.  B.Byxno3HUHOHHoro  pacceaHna  mbi 
ziojiXHbi  paccMOTpeTb  nepeaaiomyio  aHTeHHy  c 
ee  jioKajibHOH  chctcmoh  koop^hhut  B{  h  npw- 
eMHyio  aHTeHHy  c  ee  JioKajibHOH  cHCTeMOH  Br 
OSjiacTb  onepaTopa  pacceaHHH  S  6yaeT  ncnojib- 
30BaTb  CHCTeMy  KoopuHHaT  Bv  a  ee  ,nHana30H 
CHCTeMy  KOOpKHHaT  Br 

HanpaBJieHMe  pacnpocTpaHeHHa  k'  ojieicr- 
poMarHHTHOH  BOJiHbi,  naaaiomen  Ha  uejib,  co- 
BnanaeT  c  HarrpaBjieHHeM  pacnpocTpaHeHHH  ne- 
pe^aiomen  aHTeHHbi,  T.e.  k*  -  k‘ .  C  apyron 
cTopoHbi,  HanpaBBeHHe  pacnpocTpaHeHHa  ks 
pacceflHHOH  BoaHbi  npoTHBonojioxHo  HanpaB- 
jieHHio  pacnpocTpaHenna  npneMHon  aHTeHHbi. 
HyXHO  nOMHHTb,  ITO  nojiapH3auHH  aHTeHHbi 
Bceraa  onpeaejiaeTca  KaK  nojiapH3auHa,  koto- 
pyio  6bi  oHa  H3jiyqaiia,  He3aBHCHMo  ot  Toro, 
HcnoBb3yeTCH  jih  aHTeHHa  (haKTimecKH  rum  ne- 
peaaun  hjih  npneMa. 

riojiHpH3auHH  npneMHow  aHTeHHbi  onpeae- 
JieHa  KaK  nojiapH3auHH  TaKon  3JieKTpoMarHHT~ 
HOM  BOJIHbl,  KOTOpajI  npHHHMaeTCJI  aHTeHHOH 
HaHJiyumHM  o6pa30M,  cm.  CraH/iapTHbie  onpe- 
aeneHHH  IEEE  [3].  Mcnojib3ya  Te  xe  caMbie  jih- 
HeHHbie  cwcTeMbi  Koop^HHaTbi  rum  pacceaHHOH 
BOJiHbi  h  npHeMHOH  aHTeHHbi,  ojuiHiic  nojia- 
pH3aiiHH,  KOTopaa  npHHJiTa  HaHJiymxiHM  o6pa- 
3om,  HMeeT  Ty  xe  caMyio  reoMeTpHnecKyio  (J>op- 
My  hjih  reoMeTpHHecKoe  MecTO  TOueK  KaK  h 
sjuiHnc  nojiHpH3auHH,  H3JiynaeMOH  uhtchhoh 
c  npoTHBonojioxHbiM  HanpaBJieHHeM  Bpame- 
hhh,  Korrra  Ha  06a  ajumrica  CMOTpaT  c  ojihoh 
tohkh.  YuHTbiBan  npoTHBonojioxHbie  HanpaBJie- 
hhji  pacnpocTpaHeHHJi,  o6e  bojihh  HMeiOT  to 
xe  caMoe  HanpasjieHHe  BpameHHa  ( handedness ). 


FSA  and  BSA 

For  power  optimization  purposes  in 
the  general  so-called  bi-static  scattering 
case  we  have  to  consider  the  transmit 
antenna  with  its  local  coordinate  system 

and  the  receive  antenna  with  its  local 
system  Br  The  domain  of  the  scattering 
operator  S  will  use  the  coordinate  system 
B{  and  its  range  the  coordinate  system  Br 

The  direction  of  propagation  k '  of 
the  electromagnetic  wave  incident  upon 
the  target  coincides  with  the  direction 
of  propagation  of  the  transmit  antenna, 
i.e.,  k'=k'.  On  the  other  hand  the 
direction  of  propagation  ks  of  the  scat¬ 
tered  wave  is  opposite  to  the  direction 
of  propagation  of  the  receive  antenna.  It 
should  be  remembered  that  the  pola¬ 
rization  of  an  antenna  is  always  defined  as 
the  polarization  that  it  transmits,  irres¬ 
pectively  if  the  antenna  is  actually  used  for 
transmission  or  reception. 

The  receive  antenna  polarization  is 
defined  as  the  polarization  of  that 
electromagnetic  wave  that  is  best  received 
by  the  antenna,  see  IEEE  Standard 
Definitions  [3].  Using  the  same  linear 
coordinate  systems  for  the  scattered 
wave  and  the  receiving  antenna  the 
polarization  ellipse  that  is  best  received 
has  the  same  geometric  form  or  locus 
as  the  polarization  ellipse  emitted  by  the 
antenna  but  opposite  sense  of  rotation 
when  both  ellipses  are  looked  at  from  a 
common  point  of  view.  Taking  into 
account  the  opposite  directions  of  pro¬ 
pagation  both  waves  have  the  same  sense 
of  rotation  or  the  same  handedness.  If 
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Ecjih  nojiHpM3auHfi  aHTeHHbi  h ,  Bceraa  onpeae- 
jiena  jura  H3JiyueHHn  b  JiHHeftHOM  opTonopMajib- 
HOM  nOJ15]pH3aU,HOHHOM  6a3HCe,  TO  nOJIHpH3a- 
UHfl  TlpMCMHOH  aHTeHHbi  hjih  nojrapH3airMH 
naaaioiueii  bojihki,  KOTOpaa  HaHnyHixiHM  o6pa- 
30M  npHHHTa  aHTeHHOH,  3aaaejca  KOMruieicc- 
HO  COnpaxeHHOM  BeJIHUHHOM  h* . 

3xa  CHTyauHH  MO^ceT  6biTb  onHcaHa  Becbwa 
o6mHMH  TepMHHaMH  B  COOTBeTCTBMH  C  nOHH- 
THCM  o6pameHH5I  BpeweHH  T.  3T0T  aHTHJTH- 
HeHHbiM  onepaTop  T2  =  /  HBJiaeTca  hhbojho- 
TopHbiM,  oh  npeo6pa3yeT  jiiobyio  TpaeKTopnio 
b  ee  Konino  c  H3MeHeHHbiM  Ha  npoTHBonoaox- 
Hoe  HanpaBJieHHew  ^bh^chhh  m  npe6pa3yeT  b 
KOMnjieKCHO  conpa>KeHHyio  jiioGyio  KOMnoHen- 
xy  nojiH  b  jiHHeHHOM  6a3wce  (cm.  Luneburg  [2]). 
ripHHHHa  HcnoJib30BaHHH  oSpameHHH  BpeMeHH 
coctoht  b  tom,  iiTO  nojiapH3auHOHHbie  xapaK- 
TepHCTHKM,  B  UaCTHOCTH  B  3ajiaiiaX  OITTHMH3a- 

ijhh,  jyin  npHXoanmeM  h  yxoaameH  (naaaiomeft 
h  pacceaHHOM)  3M  bojihbi  moxho  cpaBHMBaTb 
TOJibKo  Toraa,  xoma  ncnojib3yeTca  ojiho  h  to 
xe  nojwpM3auHOHHoe  npocrpaHCTBO.  ObpameHHe 
BpeMeHH  T  npeo6pa3yeT  coctobhhb  noaapn3a- 
HHH  bojih,  pacnpocTpaHHiomHXca  b  npoTHBonojiox- 
Hbix  HanpaRjieHHax,  b  coctobhhb  nonapH3auHH, 
cooTBercTByiouiHe  BOJiHaM,  pac  ripocrpaHHioiiiHM - 
C5I  TOJTbKO  B  O^HOM  HanpaB/ieHHM.  B  3TOM  CMHCJie  MbI 
OTJiHHaeM  coniaiiieHHe  FSA,  npHBjmHHoe  k  na- 
aaiomeH  hjih  pacceBHHow  bojihc  (KoopaHHa-man 
cHCTeMa,  opneHTHpyeMaB  c  bojihom)  h  corjiaiue- 
Hne  BSA,  npHBB3aHHoe  k  npneMHOH  aHxeHHe  (cm. 
Yjia6H  h  Ejiann  [4]).  CpaBHeHHe  nomiTHH  FSA  h 
BSA  o6MaHHHBo,  Tax  kok  o6e  KOHuenuHH  mox- 
ho  npHMeHHTb  k  o6men  cHryaunn  aByxno3HUH- 
OHHoro  pacceHHHB,  BKJiioHaa  pacceaHHe  crporo 
Briepea  h  Ha3aa,  ho  Hyacno  sceraa  HMeTb  b  BHjiy, 
4to  pacceflHHe  Bnepea  h  oSpaTHoe  pacceaHMe  - 
oto  pa3Hbie  cJ)M3HHecKHe  BBJieHHB.  Ecjih  auana30H 
onepaTopa  pacceaHHa  h  oSaacrb  npneMHOH  aH¬ 
TeHHbi  coBnaaaiOT,  to  b  anHenHOM  nojrapH3a- 
UHOHHOMro  6a3Hce  Mbi  HMeeM  aaa  pacceaHHoro 
noaa  Es  o6mee  cooTHomeHHe  oGpameHHH  Bpe¬ 
MeHH  Meamy  MOJBBjlHHHpOBaHHblM  FSA  h  BSA  co- 
TJiauieHHeM 


the  antenna  polarization  is  /?,  always 
defined  for  transmission  in  a  linear 
orthonormal  polarization  basis,  the 
polarization  of  the  receive  antenna  or 
the  polarization  of  the  incident  wave  :hat 
is  best  received  by  the  antenna  is  given  by 
the  complex  conjugate  h* . 

This  situation  can  be  described  in 
quite  general  terms  by  the  concept  of  time 
reversal  T.  This  anti-linear  operator  is 
involutory  T2  =  / ,  converts  any  trajectory 
into  its  motion-reversed  counterpart  and 
takes  the  complex  conjugate  of  any  field 
component  in  a  linear  basis,  see  Luneburg 
[2].  The  reason  for  the  application  of  the 
time  reversal  is  the  fact  that  polarization 
characteristics,  in  particular  optimization 
problems,  for  incoming  and  outgoing 
(incident  and  scattered)  electromagnetic 
waves  can  be  compared  if  only  if  one  and 
the  same  polarization  space  is  involved. 
Time  reversal  T  transfonns  the  states  of 
polarization  for  waves  propagating  in 
opposite  directions  into  states  of  polariza¬ 
tion  corresponding  to  waves  propagating  in 
only  one  direction.  In  this  sense  we  distinguish 
between  the  Forward  Scattering  Alignment 
(FSA)  convention  as  being  fixed  to  the 
incident  or  scattered  wave  (wave  oriented 
coordinate  system)  and  the  Backscatter 
Alignment  (BSA)  convention  as  being 
fixed  to  the  receiving  antenna,  see  Ulaby 
and  Elachi  [4].  The  notation  FSA  versus 
BSA  is  misleading  since  both  concepts 
can  be  applied  to  the  general  situation  of 
bi-static  scattering  including  strict 
forward  and  back-scattering  but  it  must 
always  be  kept  in  mind  that  forward 
scattering  and  backscattering  are  distinct 
physical  phenomena.  If  the  range  of  the 
scatter  operator  and  the  domain  of  the 
receiving  antenna  coincide  then  for  a 
linear  polarization  basis  we  have  for  the 
scattered  field  Es  the  general  time  reversal 
relation  between  the  modified  FSA  and 
BSA  convention 


ESL<=ES  |™, 

npH  ycjioBHH,  hto  Hcno;ib3yeTCfl  G/ma  h  Ta  >Ke  provided  that  the  same  linear  coordinate 
jiHHeiiHafl  CHCTeMa  KoopanHaT.  system  is  used. 

H>okho  oTMeTHTb,  uto  3Ta  HOBaa  npejyio-  It  must  be  pointed  out  that  this  new 
xeHHaa  MoancjiHKanHn  BSA  h  FSA  corjianieHHH  proposed  modification  of  the  BSA  and 
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OTjmqaeTCfl  ot  TpajumnoHHoro  onpejiejieHHfl, 
npHBe^eHHoro,  HanpHMep,  Mottom  [1],  koto- 
pbiH  CHHTaeT  paajiMqHe  Mexjxy  BSA  h  FSA  pe- 
3yjibxaTOM  Hcnojib30BaHHfl  jih6o  o/jhhx  h  Tex  >xe 
jiHHeiiHbix  CHCTeM  KoopzumaTbi  win  AwanaaoHa 
onepaTopa  pacceaHHA  h  npneMHOH  aHTeHHbi  (ho 
6e3  xoMiuieKCHoro  conpHxeHHA),  jih6o  ncnojib- 
30B3HHA  pa3J!HHHbIX  KOOpUHH aTHbIX  CHCTeM,  BCe- 
r^a  no^cTpaHBaiomHxcH  no,n  npaByio  cHCTeMy 
KOOpBHHaT.  npe^UIO)KeHHbie  MO,HH(}>HKaUHH  HC- 
nojib3yioT  TOJibKo  BByxMepHbie  chctcmm  Koop- 
ijHHaTbi  h  H36eraiOT  npHMeHeHHH  TpexwepHbix 
CHCTeM  c  ero  BeuHbiM  BonpocoM  o  BHjje  cHcre- 
Mbl  KOOp^HHaT  -  npaBOH  HJIH  JieBOH. 

ycraHOBHB  cxeMy  Hcnojib3yeMbix  KoopuHHaTHbix 
CHcreM  h  ynHTbiBafl  bojihh,  pacnpocTpaHAioiUHe- 
c a  b  npoTHBonojKOKHbix  HanpaBJieHHHX,  ncnojib- 
3yeM  win  4>aKTHHecKoro  BbiHHCJieHHA  oirrHManb- 
hoh  nepe^aHH  moihhocth  KOHuenunio  KJiaccoB 
3KBHBajieHTH0CTH.  06bHCHHM  3TO  JIM  o6paTHOTO 
pace eaHHfl.  MaTpmja  pacceHHHH  CnHKJiepa,  ko- 
Topaa  aRJiaerca  CHMMeTpHHecKOH  b  corjiameHHH 
BSA,  npeflCTaBJiaeT  co6oh  KOMiuieKCHyio  2x2 
MaTpmjy  o6mero  Bum  b  jihhchhom  {x,y}  6a3Hce 


FSA  conventions  is  different  from  the 
traditional  definition  as  for  instance  given 
by  Mott  [1]  that  considers  the  difference 
between  BSA  and  FSA  as  being  a  result  of 
using  either  the  same  linear  coordinate 
systems  for  the  range  of  the  scattering 
operator  and  the  receiving  antenna  (but 
no  complex  conjugation)  or  using  diffe¬ 
rent  coordinate  systems  adapting  always  a 
right-handed  wave  oriented  coordinate 
system.  The  proposed  modifications  use 
only  2-dimensional  coordinate  systems 
and  avoid  the  application  of  3D  systems 
with  its  intimately  related  question  of 
right-  or  left- handedness. 

Having  set  the  scheme  for  the  coor¬ 
dinate  systems  used  and  taking  care  of 
waves  propagating  in  opposite  directions 
the  actual  calculation  of  optimal  power 
transfer  makes  use  of  the  concept  of 
equivalence  classes.  We  explain  this  for 
backscattering.  The  Sinclair  scatter  matrix 
that  is  symmetric  in  the  BSA  convention 
is  a  complex  2x2  matrix  of  the  general  form 
in  the  linear  {x,y}-basis 


S  = 


=  ST 


nocKOJibKy  Sxy  =  Syx. 

Ilepexoflfl  k  apyroMy  nojiapH3anHOHHOMy 
6a3Hcy  nyieM  ynwrapHoro  KOHnonobna  (cm.  JIiOHe- 
6ypr  [2]),  nojiyuaeM  KJiacc  SKBHBajieHTHocTH 
C(S)  =  {UTSU\S  =  ST;  Win  Bcex  yHHTapHbix 
MaTpHU  UTU  -I). 

Kaxuaa  MaTpHixa  3Toro  KJiacca  3KBHBajieH- 
thocth  nmneren  npejicTaBJieHHeM  toto  ate  ca- 
moto  onepaTopa  pacceHHHH  S ,  TOJibKo  b  pa3- 
jiHHHbix  6a3Hcax.  O^hh  uneH  stoto  KJiacca  HMeeT 
ocobeHHo  yao6HbiH  jmaroHajibHbiH  bvljx  jim  cne- 
nnajibHOH  MaTpHUbi  U  Taxon,  uto 


due  to  Sxy=Syx. 

Going  over  to  a  different  polarization 
basis  by  unitary  consimilarity,  see  Lune- 
burg  [2],  we  obtain  the  equivalence  class 
C(S)  =  {UTSU\S  =  ST;  for  all  unitary 
matrices  UTU~I}. 

Every  matrix  of  this  equivalence  class 
is  a  representation  of  the  same  scattering 
operator  5,  only  in  different  bases.  There 
is  one  member  of  this  class  that  has  a 
particularly  convenient  form:  a  diagonal 
form  for  a  special  matrix  U  such  that 


UTSU  =  diag[X,,X.2]. 


HHaroHajibHbie  3jieMeHTbi  abjihiotch  xoh- 
C06CTBeHHbIMH  HHCJiaMH,  a  CTOJl6ubI  U  -  XOH- 
cobcTBeHHHMH  BeKTOpaMH.  3to  -  cojtepacaHHe 
TeopeMbi  Taxara  (cm.  TaKarH  [5]).  Jinn  o6mero 
cnyuaa  jTByxno3HHHOHHoro  pacceaHHA  cxojmyio 
pojib  HipaeT  o6maa  TeopeMa  pa3JioateHHA  cHHry- 
jiapHOH  BejiHHHHbi  (SVD).  Bee  3th  coobpaaceHHA 
mojkho  tohho  Tax  ace  pacnpocipaHHTb  Ha  CJiyuaH 
HeKorepeHTHoro  pacceaHHA,  c  Hcnojn>30BaHHeM 


The  diagonal  elements  are  the  con- 
eigenvalues  and  the  columns  of  U  the 
coneigenvectors.  This  is  Takagi's  theo¬ 
rem,  see  Takagi  [5].  For  the  general  bi¬ 
static  scatter  case  a  similar  role  is  played 
by  the  general  Singular  Value  Decom¬ 
position  (SVD)  theorem.  All  these  con¬ 
siderations  can  be  extended  also  to  the 
incoherent  scatter  case  using  directed 


153 


O  coznaiueHimx  no  opuenmamu  cucmeM  KQopduHm  ... 


HanpaBJieHHbix  BeKTopoB  CTOKca  h  MaTpHU  Mk>ji- 
jiepa  h  KeHHo. 

B  3toh  cTaTbe  paccMOTpeHbi  cymecTByiomne 
HeCOOTBeTCTBHfl  TIpM  HCn0JIb30BaHHH  ipa^HUH- 
OHHblX  KOOp^IHHaTHblX  CHCTeM  BSA  H  FSA  co- 
mameHHH  h  naHbi  npe^mioxeHHH  no  npeo^ojie- 

HHH)  3THX  TpyAHOCTefi. 


Stokes  vectors  and  to  the  Mueller  and 
Kennaugh  matrices. 

This  contribution  points  out  existing 
discrepancies  in  using  the  traditional 
coordinate  systems  of  the  BSA  and  FSA 
conventions  and  provides  suggestions 
how  to  overcome  these  difficulties. 
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B pa6ome  npedcmaenen  KOMnaeKCHbiu  nodxod  k  uc- 
CAedoeamao  cueotcHbix  noicpoeoe.  PaccMampueaem- 
ca  eo3M0DfCH0Cffib  odbeduueHUA  e  odno  ycmpoitcmeo 
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deAswib  MUKpo(pU3imecKue  napaMempbi  cneza  u  mun 
nodcmunaromeu  noeepxnocmu. 

MccneflOBaHHe  chokhbix  noKpoBOB  no3BOJiner 
pemaTb  paanHHHbie  npHKjiaaHbie  3ananH,  Tajcwe 
KaK:  nporH03HpoBaHHe  ypoxaMHocra  cejibcico- 
xo3AHCTBeHHbix  KyjibTyp,  onpe^ejieHHe  creneHH 
onacHocm  BeceHHHX  HaBojmeHHM  h  naBoaicoB, 
oueHKa  onacHocTH  cxo^a  jibbhh  b  ropHbix  MecT- 
hoctax,  ycTaHOBJieHHe  MeTeopojioranecKHx  3a- 
KOHOB  <J)opMHpoBaHH5i  K/iHMaTa  Ha  onpeneneH- 
HOft  TeppHTOpHH.  JljM  peiUeHHfl  3T0ft  3a4auH 
MOXHO  npHMeHHTb  COBOKyilHOCTb  aKTHBHbIX  JIO- 
KaitHOHHblX  yCTpOHCTB  OIlTHMeCKOrO  M  pa^MOBOJI- 
HOBoro  ^wana30H0B.  Qithhm  H3  ocHOBHbix  napa- 
MeTpoB,  KOTopbie  Heo6xo,aHMO  onpeflejiHTb, 
HRjifleTCH  TomimHa  CHexHoro  noKpoBa. 

Onpe/iejiHTb  4aHHbifi  napaMerp  moxho  nyreM 
o6be^HHeHHB  jia3epHoro  h  pa^HojioKauHOHHoro 
^ajibHOMepOB  [1,  2].  H3BecTHo  [3],  hto  cHer  xa- 
paicrepH3yeTca  xopomen  npOHniraeMocrbio  wx 
paHHOBojiH  ^Hana30Ha  CBH.  IlpaKTHuecKM  noa- 
TBepxcaeHo,  hto  caMojieTHbie  pa^HOBbicoTOMepbi 
npH  pa6oTe  b  3hmhhx  ycjiobhhx  aKcroiyarauHn 
H3MepflK)T  flaJIbHOCTb  40  3eMH0H  llOBepXHOCTH ,  a 
He  40  CHexHoro  noKpoBa.  B  to  xe  BpeMH  Jia3epHoe 
H3JiyHeHHe  xoporno  orpaxaeTca  ot  noBepXHOcTH 
CHera.  PaxwiMe  b  npoHHKajomeH  cnocofiHocrH 
3JieKTpOMaTHHTHbix  KOJiefiaHHH  oiiTHHecKoro  h  pa- 
HHojioKaitHOHHoro  4Hana30Ha  4/ihh  bojih  cnyxHT 
4>H3HHeCKOft  OCHOBOH  BJIX  4HCTaHUHOHHOrO  H3- 
MepeHim  TOjiumHbi  cHexHoro  noKpoBa. 

TOHHOCTb  OUeHKH  TOJttlUiHbT  CHeXHOTO  nOKpO- 

Ba  npHMO  cBH3aHa  c  norpeuiHocTbio  H3MepeHHa 
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In  the  paper,  a  complex  approach  to  ana¬ 
lysis  of  snow  covers  is  presented.  The  oppor¬ 
tunity  to  unite  optical  device  and  active 
RF radar  in  one  system,  in  ordre  determine 
snow  cover  thickness,  is  considered.  It  is 
suggested  to  evaluate  microphysical  para¬ 
meters  of  snow  and  type  of  underlaying 
surface  with  the  use  of  vector  processing 
of  sounding  signals. 

Investigations  of  snow  covers  allow 
to  solve  such  problems  as  forecasting  of 
agricultural  crops  capacity,  danger  evalu¬ 
ation  of  spring  flood  and  high  waters  of 
the  plains  and  avalanching  in  mountains, 
determination  of  meteorological  regula¬ 
rities  of  climate  formation  within  specific 
territories.  To  solve  this  problem,  it  is 
possible  to  apply  a  set  of  active  remote 
sensing  devices  of  optical  and  RF  freq¬ 
uency  bands.  The  main  parameter  to  be 
estimated  is  thickness  of  snow  cover. 


The  estimation  of  this  parameter  is 
possible  as  a  result  of  combining  laser  and 
radar  range-finders  [1, 2].  It  is  known  [3], 
that  snow  is  characterized  by  good  pene¬ 
trability  in  microwave  band.  It  was  con¬ 
firmed  in  practice  that  in  winter  condi¬ 
tions  airborne  radio-altimeters  measure  the 
range  to  ground  surface  instead  of  snow 
cover.  At  the  same  time,  laser  radiation 
is  well  reflected  from  snow  surface.  The 
difference  in  penetration  ability  of  sig¬ 
nals  in  optical  and  radar  frequency 
bands  constitutes  the  physical  back¬ 
ground  for  remote  measuring  the  snow 
cover  thickness. 

The  estimation  accuracy  of  snow 
cover  thickness  directly  depends  on 
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pa3H0CTM  BpeMeH  pacnpocTpaHeHHH  onTHuecKO-  measurement  errors  of  propagation  time 

ro  h  pajoLno^OKaimoHHoro  n3jryueHMH.  aocth-  difference  of  optical  and  radar  radiation. 

xeHHB  Majibix  norpeiiiHocreH  H3MepeHHM  paccTO-  The  phase  method  is  widely  used  for 

hhhb  D  liiHpoKo  HcnoJib3yeTCH  (J)a30BbiH  mctoa.  obtaining  of  small  errors  of  range  D 

OcHOBHoe  ypaBHenne  (JiaaoBo m  AaAbHOMeTpHH  measurements.  The  basic  equation  of 
HMeeT  bw  [1]  phase  range  fmding  reads  ^ 


(1) 


rae  cp  -  H3MepaeMaa  pa3HOCTb  c|)a3  Me>KAy  npn-  where  cp  is  measured  phase  difference 
HHMaeMbiM  KoaeSaHneM  MacuiTa6HOM  uacTOThi  between  received  oscillation  of  scaling 
h  onopHbiM  MoayanpyiomMM  KOJie6aHweM;  N  -  frequency  and  reference  oscillation,  N  is 
ueaoe  noao^cuTeabHoe  hhcao;  c  ~  cKopocTb  cBexa;  a  positive  integer;  c  is  the  light  speed,  FM 
F  -  nacTOTa  MoayaauHH  (Macurra6HaH  uacroTa).  is  modulation  frequency  (scaling  fre- 
Ecam  (})a30MeTp  H3MepaeT  cp  co  cpeaHeKBaapara-  quency).  If  a  phasemeter  measures  cp  with 
necKoh  oiuh6koh  8cp,  to  aaabHOCTb  onpeaeaa-  root-mean-square  error  5cp,  then  the 
eTCB  co  cpeaHeKBaaparanecKOH  ouihGkoh  range  is  estimated  with  error  of 


5cp  c 

4^/ 


(2) 


Bbi6paB  aocTaTOHHO  6ojibiuoe  3HaueHHe  Having  chosen  a  rather  large  value  of 
MacuiTaSHOH  uacTOTbi  FM  mo>kho  o6ecneuwTb  the  scale  frequency  FM,  it  is  possible  to 
Heo6xoiTHMyK)  TounocTb  H3MepeHHB  najibHocTH,  provide  the  required  range  measurement 
oziHOBpeMeHHo  c  3thm  Anana30H  oano3HauHO  H3Me-  accuracy.  However,  in  this  case  the  unam- 
pfieMbix  paccTOBHMH  yMeHbiuaeTCJi.  Onpe^eneHne  biguous  measuring  range  decreases.  The 
TOJimnHbi  CHexoioro  noxpoBa  Ds  (pnc.l)  ocho-  estimation  of  snow  cover  thickness  (Fig.  1) 
BbraaeTCH  Ha  oAHOBpeMeHHOM  oSjiyneHHM  ero  pa-  is  based  on  simultaneous  irradiation  of 
AHOJioKaiiHOHHbiM  h  onTMuecKHM  cHmanaMH  c  the  cover  by  radio  and  optical  signals  with 
HecymHMH  uacToraMM  /j  h  f2,  MOAyJinpoBaHHbiMH  amplitude  modulated  carrier  frequences 
no  aMnAHTyae.  /j  and  fr 


Phc.  CxeMa  n3MepeHnh  (1  -  noMBa;  2  -  chokhuh  noKpoB;  3  -  qtmoc- 
cpepa) 

Fig.  Measurement  diagram:  soil  (1),  snow  cover  (2),  air  (3) 

Pa3HOCTb  (J>a3  AcpM  orn6aiomHX  cnrHajiOB  The  phase  difference  Acp^  of  the 
npweMHbix  TpaKTOB  paAHOAOKauHOHHoro  (cp j)  h  waveform  envelopes  in  the  radar  (cpj) 
onTHuecKoro  (cp2)  KBHajiOB  onpeAeaneT  toaluh-  and  optical  (cp2)  channel  receivers  deter- 
Hy  cHe>KHoro  noKpoBa  Ds  mines  the  snow  cover  thickness  Ds  as 

D  _(9i-92)g==A(PA/  g  (3) 

5  4  nFM  4nFM: 
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CoBpeMeHHbie  UH<J)poBbie  cJ)a30Merpbi  [  1  ]  o6ec- 
ne^HBaioT  TOHHocTb  H3MepeHHH  cj)a3bi  8<p  '«0,5°. 
ripw  3tom,  Ha  qacrore  MOAyAAUHH  FM= 10  MFu 
cpe/iHeKBanpaTMHecKaH  ouiH6Ka  H3MepeHHH  toa- 
mHHbi  CHe>KHoro  noicpoBa  cocraRTwer  57)^0,021  m, 
a  HHrepBaji  oAHCQHaMHO  H3MepaeMOH  TQJimHHbi  CHera 
paBeH0*15M. 

TaKHM  o6pa30M}  coBMemeHHe  paAHOBOAHO- 
Boro  h  jia3epHoro  jioKauHOHHbix  ycrponcTB  no- 
3BOJiHer  npoH3BOAHTb  H3MepeHne  TOAiUHHbi  CHex- 
Horo  noKpOBa.  3hua  cpenniOK)  nnoTHocTb  CHera 
(p=0,l  Ana  CBexeBbinaBinero  h  p=0,5  Ana  cae- 
xaBineroca  CHera,  [4]),  moxho  onpeaeaHTb  ob'beM 
BbinaBinero  CHera  Ha  onpeAeaeHHOH  TeppHTOpHH. 
IlpoM3BOAa  nepHOAHaecKHe  Ha6aiOAeHHa  moxho 
BbiBecm  HeKoropbie  KaHMaToaorHHecKHe  3aBHcn- 
MOCTH  HAH  OnpeAeAHTb  OnaCHOCTb  HaBOAHeHHH  B 
BeceHHHH  nepnoA  BpeMeHH.  HanGonee  onrHManb- 
hhm  MecroM  pacnoaoxeHHa  npeAnaraeMofl  chc- 
TeMbi  H3MepeHHa  ToamHHbi  cnexHoro  noKpoBa, 
Ana  pemeHHa  Bonpoca  Mo6HAbHOCTH,  HBjiaeTca 
BepToaeT. 

IloBepxHocTb  cHexHoro  noxpOBa  MoxeT  Ha- 
XOAHTCa  KaK  B  CBOCM  OCHOBHOM  COCTOAHHH,  TaK 
h  b  HeKOTopbix  nepexoAHbix:  Hacr,  AeA,  BOAa.  C 
noMoiubio  BeicropHoro  aHaaH3a  oTpaxeHHoro 
orrraaecKoro  cHraana,  moxho  onpeAeAHTb  k  kuko- 
My  H3  yK33aHHbix  THnoB  OTHocHTca  HccaeAyeMaa 
noBepxHoerb.  flo6aBHB  b  onTHnecKHH  npneMHbiH 
Tpaicr  npH3My  BoAAacroHa,  moxho  onpeAeAHTb 
CTeneHb  AenoAApH3aitHH  cnpaxeHHoro  cHrHaaa 


The  modem  digital  phasemeters  [1] 
provide  the  phase  measurement  accuracy 
5(p'*0,5°,  whereas  the  rms  error  of  the 
thickness  estimate  makes  5/^0,021  m 
with  the  modulating  frequency  FM=  10  MHz, 
and  the  unambiguos  snow  cover  thickness 
lies  in  the  range  Or  15  m. 

Thus,  the  combining  RF  and  laser 
remote  sensing  devices  allows  to  measure 
thickness  of  snow  covers.  Knowing  ave¬ 
rage  snow  density  (p=0, 1  for  just  falling 
snow,  and  p=0.5  for  packed  snow  [4]),  we 
can  estimate  the  whole  snow  fall  volume 
within  a  specific  area.  Having  made  a 
series  of  recurrent  observations,  it  is 
possible  to  deduce  some  climatological 
regularities  or  evaluate  danger  of  spring 
floods.  The  optimal  location  of  the  system 
intended  for  measuring  snow  cover 
thickness  is  a  helicopter  as  the  most 
mobile  vehicle. 

The  snow  cover  surface  can  be  as  in 
its  intrinsic  state,  and  in  the  transient 
states  (thin  crust,  ice,  and  water).  The 
vector  analysis  of  reflected  optical  signal 
allows  to  determine  a  type  of  the  snow 
cover  surface.  Adding  the  Wollaston  prism 
into  optical  receiving  channel  gives  a 
possibility  to  estimate  the  depolarization 
degree  of  the  reflected  signal 


(4) 


rAe  7± ,  /jj  -  Kpocc  h  napanAenbHo  noAHpH30BaH- 
Hbie  KOMnoHeHTbi.  CorAacHO  [5]  stot  napaMerp  jyw 
HeKOTopbix  THnoB  noACTHAajomen  noBepxHocTH 
BapbHpyerca  b  cneAyioniHx  npenenax:  0, 9*0,7  (cHer), 
0,22*0,6  (aca),  0,06-1-0,04  (AeA,  noKpbiTbiH  boaa- 
HOH  nAeHKOH).  TaKHM  o6pa30M,  MOXHO  npOH3- 
BOAHTb  CeAeKUHIO  THnOB  nOBepXHOCTH  CHeXHOrO 
noKpoBa  no  noAapH3anHOHHOMy  npH3Haxy. 

B  paGore  paccMOTpeHO  KOMruieKCHoe  ycTpon- 
ctbo,  obbeAHHHiomee  b  cBoeM  cocraBe  Aa3epHyio 
H  paAHOBOAHOByiO  aKTHBHbie  AOKaitHOHHbie  CHC- 
TCMbl.  C  nOMOIUbK)  Hero  MOXHO  npOH3BOAHTb  H3Me- 
peHHe  TOAlIIHHbl  CHeXHOrO  noKpoBa.  3>H3HHeCK0H 
OCHOBOH  3T0T0  ABAAeTCA  pa3AHMHe  B  npOHHKaJOinCM 

cnocobHocm  3M  KOAebamui  orrmMecKoro  h  PJ1 
AHana30HOB  boah.  KpoMe  Toro,  npeAnoxeHHoe 
yCTpOHCTBO  n03BOAAeT  c  nOMOIUbK)  BeKTOpHOrO 
aHaAH3a  onranecKoro  cHraarca  npoH3BOAHTb  ce- 
AeKUHio  rana  noBepxHocTH  cHexHoro  noKpo¬ 
Ba,  Ha  CHer,  AeA,  AeA,  noKpuTbifi  boaoh. 


where  I±  ,  7^  are  cross-  and  co-polarized 
components.  According  to  [5]  this 
parameter  varies  in  the  ranges  0,9*0, 7 
(snow),  0,22*0,6  (ice),  0,06*0,04  (ice 
with  water  coating)  for  some  types  of 
the  surface.  Thus,  it  is  possible  to 
distinguish  the  snow  cover  surface  types 
by  this  polarization  signature. 

In  the  paper,  we  presented  a  system, 
which  combines  the  active  laser  and  RF 
remote  sensing  devices.  It  allows  to 
measure  the  snow  cover  thickness.  The 
physical  background  of  the  system  is  the 
difference  in  penetration  ability  of  sig¬ 
nals  in  optical  and  radar  frequency 
bands.  Besides,  the  suggested  system 
allows  to  select  the  snow  covers  into  snow, 
ice,  ice  coated  by  water,  with  using  the 
optical  signals'  vector  analysis. 
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IJpedcmae/ieHbi  pe3yAbmambt  3KcnepuMeHmaAbUbix 
ucaiedoeamiu  nonstpiaanuombix  Mampim  pacce- 
HHiin  Mopacou  noeepxHocmu,  dootcdeebix  ocadxoe 
u  nadeodtibix  cydoe  e  duana30He  dnun  eonn  3  cm. 
Hamypnbie  u3Mepenun  ebinoAneubi  na  Kozepenm- 
Ho-UMnyjibCHou  PJJC  c  nepeKJifonaeMou  om  um- 
nynbca  k  imnyjibcy  nonsipmaupeu  30Hdupytomezo 
u3JiyneHux  u  npueMOM  opmozonoAbw  nojmpmo- 
eaHHbtx  KOMnoHenm  ompaorcennux  cuznanoe.  Ana- 
nu3  3KcnepuMeHmanbHux  daunbix  noKa3an,  nmo 
fcaotcdbiu  ii3  ucaiedoeaHHbix  odbercmoe  xapcucme- 
piuyemcfi  ceoim,  npucyipim  moAbrco  my  nabopoM 
3HaHenuu  K03(p(})ui{ueHmoe  e3auMH0u  KoppeAmpiu 
3AeMenmoe  Mampunbi  paccesmun. 
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Results  of  experimental  investigations  of 
the  polarization  scattering  matrices  of  sea 
surface,  rain  and  surface  vessels  in  X-band 
are  presented.  The  in-situ  measurements  have 
been  performed  with  the  use  of  coherent 
pulse  radar  with  pulse-to -pulse  polarization 
switching  of  transmitted  signals  and  recep¬ 
tion  of  orthogonally  polarized  components 
of  the  reflected  signals.  The  experimental 
data  analysis  has  shown  that  every  object 
under  investigation  can  be  characterized 
by  its  own  inherent  set  of  cross-correlation 
coefficient  values  of  the  backscattering 
matrix's  elements 


BBeaemie 


Introduction 


IIoTeHUMajibHbie  bo3mo>khocth  noBbiineHHa 
HH<j)OpMaTHBHOCTH  paUHOJIOKaUHOHHblX  CHCTCM 

(PJIC)  xtHcraHUMOHHoro  30HHHpoBaHHn  3a  cqeT 
HCTI0JIb30BaHHfl  BeKTOpHbIX  cbohctb  ajiexrpoMar- 
HHTHblX  (3M)  BOJ1H  B  CymeCTBCHHOH  CTdieHH  on- 
petfejunoTca  paajiHmwMH  b  nojisipH3ai  jhohhhx  xa- 
paKrepHcmKax  ofrbexroB.  Hmchho  3th  paanHUHn 
HBJI5HOTC53  OCHOBOM  JUIX  <J)OpMHpOBaHH5I  nOJTBpH- 
3aUHOHHbIX  npH3HaKOB  oSBeKTOB  H  CHHTe3a  aJI- 
rOpHTMOB  o6pa60TKH  CHTHaJIOB  B  riOJIflpHMeTpH- 
HeCKHX  PJIC.  B  3T0H  CBH3M  XBJIXQTCX  BaXCHbIM 
nojTyqeHHe  h  aHajiH3  sxcnepHMeHTaribHbix  aaH- 
Hbix  o  nonnpH3aitHOHHbix  xapaicrepHCTHKax  pe- 
aJlbHblX  paHHOJIOKaitHOHHblX  CfeeKTOB. 

B  ceHTH6pe  2001  r.  humh  npoBe^eH  uhxji  H3- 
MepeHHH  MaTpHu  o6paTHoro  paccenHHn  (MP) 
MOpCKOH  ITOBepXHOCTH ,  TH^pOMeTCOpOB  H  Haa- 
Bo/tHbix  cyaoB.  H3MepeHHH  BbmojiHeHbi  c  Hcnouib- 
30B3HHeM  KorepeHTHO-HMnyjibCHOH  nojinpHMerpH- 
qecKOH  PJIC,  ycraHORJieHHOH  Ha  6epery  Mopa,  Ha 
Bbicorc  40  m.  B  nepBOH  qacm  floxnana  rrpHBeaeHO  xpar- 
Koe  onncaHHe  H3MepmcjrbHoro  xoMnnexca.  Bo  bto- 
poH  qacm  H3JioxeHa  Meroajixa  o6pa6oTXH  aaHHbix. 


The  potentialities  of  increasing  the 
information  content  of  remote  sounding 
radars  by  the  use  of  vector  properties  of 
electromagnetic  (EM)  waves  are  essenti¬ 
ally  deremined  by  differences  in  polariza¬ 
tion  characteristics  of  radar  objects.  It  is 
the  differences  that  are  the  basis  for 
formation  of  the  polarization  signatures 
and  synthesis  of  the  signal  processing 
algorithms  in  polarimetric  radars.  That  is 
why,  acquisition  and  analysis  of  experi¬ 
mental  data  on  polarization  characteristics 
of  real  radar  objects  are  so  important. 

In  September  2001  we  have  carried 
out  the  measuring  campaign  of  backscat¬ 
tering  matrices  (BSM)  of  sea  surface, 
hydrometeors  and  surface  vessels.  The 
measurements  were  done  with  the  use  of 
coherent  pulse  polarimetric  radar, 
installed  on  sea  coast,  at  40  m  height.  The 
first  part  of  the  presentation  includes  brief 
description  of  the  measuring  installation. 
In  the  second  part,  the  used  technique 
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Pe3yjibTaTbi  o6pa6oTKH  —  uorurepoBCKne  cnejcrpbi 
W  K03(|)(J)WLlHeHTbI  B3aHMHOH  KOppe/milHM  3JieMeH- 
TOB  MaTpHU  paCCeHHMH,  paCCM QTpH BUTOTC  51  H  06- 
cy>K^aiOTC5i  b  Tperbeii  Macro. 


of  data  processing  is  described.  The 
processing  results  (Doppler  spectra  and 
cross-correlation  coefficients  of  the  BSMs 
elements)  are  discussed  in  the  third  part. 


1.  HsMepHTejibHbiii  KOMiuieitc 


1.  Measuring  installation 


M3MepHTejibHbm  KOMruieKc  nocrpoeH  Ha 
6a3e  KorepeHTHO-HMnyjibCHOM  PJ1C  c  nepeKJiio- 
uaeMOM  ot  HMnynbca  k  MMny/ibcy  nojuipH3auHeM 
M3JiyueHHH  (ropH30HTajibH£m/BepTHKajibHaa)  w 
o^HOBpeMeHHbiM  npmeMOM  ko-  h  Kpocc-nojiapH- 
30BaHHbIX  KOMFIOHeHT  OTpaXCeHHbIX  CMrHcUIOB.  JX™ 
Kaxqtoro  pa3peuiaeMoro  PJIC  odbeMa  npcxrrpaH- 
ctbu  M3MepMTejibHbiM  KOMnjreKC  odecneMHBaeT 
nojiyueHMe  ouenoK  Bcex  ueTbipex  KOMrureKCHbix 
3JieMeHT0B  MUTpHUbl  paCCeflHHfl  B  JlHHeHHOM 
nojmpimuMOHHOM  6a3Hce 

S},h 


The  measuring  installation  design  is 
based  on  a  coherent  pulse  radar  with 
pulse-to-pulse  switching  of  radiated 
signal's  polarization  (horizontal/vertical) 
and  simultaneous  reception  of  the  co- 
and  cross-polarized  reflected  components. 
For  every  radar  resolution  cell,  the  instal¬ 
lation  could  estimate  all  four  complex 
elements  of  the  bacscattering  matrix  in 
the  linear  {HV}  polarization  basis 


(1) 


3a  HHTepBan  BpeweHH  1 ,95  mc,  paBHbiw  ziByM  riepno- 
naM  nOBTOpeHHfl  30HttHpyiOmHX  HMnyJTbCOB.  OueHKH 
3JieMeHTOB  MarpHUbi  pacceanmi  cf>opMHpyiorrca  no 
KBoapaTypHbiM  cocTaBJiaioinnM  Bbixo^Hbix  curna- 
jiob  ripneMHbix  KanajioB  c  npeABapmejibiion  Kop- 
peKUHen  HeHaemMMHOcm  u  HeoproroHaabHocm  xa- 
HanoB  KBaapaTypHbix  fleMonyjiflTopoB,  onpeaejien- 
Hbix  no  TecroBOMy  cnraany.  OcHOBHbie  TexHMuecKne 
xapaKTepncTHKH  H3MepHTeabHoro  KOMmieKca  npn- 
Beaenbi  b  Tabjmue  1 . 


for  1,95  ms  equal  to  2  pulse  repetition 
periods.  The  estimates  of  BSM  elements 
are  found  by  signal  quadratures  at  the 
receiver  channels  outputs.  Before  the 
esimation,  the  quadrature  demodulators 
were  adjusted  by  test  signal,  in  order  to 
ensure  the  identity  and  orthogonality  of 
the  channels.  The  basic  performance  of  the 
measuring  installation  is  shown  in  Table  1. 


TaSjmna  L  XapaKTcpHcmKH  H3wcprrcjibHoro  KOMrmcKca 
Table  1.  Characteristics  of  measuring  installation 


HecymasHacroTa  (Carrier  frequency) 

9370  MHz 

Tun  sHTCHHbi  (Antenna) 

IlapaGojEXMecKidi  orpattcarcjib 
(Parabolic  reflector) 

OSjiyqareub  (Antenna  feed) 

J)jBymojiiqpH3aiwoHHi.ii 

Dual-polarization 

Ko3(j)4>HL|HCHr  yCHJKHHa  BHTCHHEbl 
(Antenna  amplification) 

36  dB 

IIlHpHHa  Jiyna  no  ypooroo  -3  dB  (Beamwidth) 

2,8° 

ypOBCHb  nepBbix  Gokoblix  jkxkctkob  (Sidclobe  level) 

-23  dB 

HMTiyiBbCHaH  MOiUMoerb  nqx^amuKa 
(Transmitter  pulse  power) 

7kW 

nojiapHaapna  (Polarization) 

DB,  nonMiy  Jib  choc  nepatino*KHne 
(H-V,  pulse-to-pulse) 

nojwpH3au«OHHaa  paaBJcaca  (Pc^arization  isolation) 

£20  dB 

ftiarrejOHOCTi  wwnyjibca  (Pulse  duration) 

0r85  ps 

PaapemcHHc  no  ^bjimiocth  (Range  resolution) 

127,5  m 

UacTOTa  noBTopcHH*  HMnyntcoe  (PRF) 

1024  Hz 

OAHoana^o  usMepacMaa  CKopoctb 

Unambiguous  velocity 

4  m/s 

KosdHiaiuuenT  rnyMa  chctcmm  (Noise  factor) 

5  dB 

Uhcjjo  paspazioB  AUH  (ADC  capacity) 

12 

Uhcjio  onrcueroB  MP  hs  o^noro  crpoSa  ^aubHocm 
(Number  ofSM!s  samples  per  a  range  cell) 

1024 

Uhcjio  expodoB  AaJttHOCiH  (Number  of  range  cells) 

200 
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2.  06pa6oTKa  aaimwx  2.  Data  processing 

3a  nepnoa  H3Mepemtft  Ha  )KecncHH  awcx  3BM  During  the  whole  measuring  campaign 

3anncaHO  362  (Jjafuia  aaHHbix.  3ariHCH  (banaoB  npo-  362  files  have  been  recorded.  The  data  were 
BeaeHbi  npw  HenoaBHXHOH  npHeMHO-nepeaaio-  acquired  for  stable  transmitting-receiving 
men  aHTeHHe,  opHeHTHpoBaHHOH  Ha  HyueBoft  antenna  at  zero  elevation.  All  files  contain 
yroji  Mecxa.  KaxabiH  H3  ^amiOB  coaepxHT  noc-  sequences  of  1 024  samples  of  BSM 
jie^oBarejibHOCTH  H3  ^=1024  orcHeroB  MaTpHuti  S0(n)  ( ij=h,v ;  w=  for  each 

pacceHHH a  S0(n)  (/,/=/*, v;  n=l,..,Af)  an*  Kaac-  radar  resolution  cell.  Time  duration  of  a 
aoro  H3  aaeMeHTOB  pa3pemeHHH  PJIC.  flnHTejib-  sequence  is  2  sec.  The  samples  analysis 
Hocrb  KarooH  H3  peajiH3anHH  MaTpHH  pacceaHHH  has  shown  that  relation  Svh(n)~  Shv(n) 
2  c.  AHanH3  nojiyqeHHbix  peaaH3auHft  noica3aa,  hto  is  valid  for  the  measured  BSMs  to  error 
ana  H3MepeHHbrx  Maipwu  pacceaHHH  BbinoaHHerca  caused  by  noise  of  the  receiving  channels. 
cooTHOiueHne  Svh(n)  =  Shv(n)  c  norpeuiHocTbio, 
obycnoBJieHHOH  uiyMaMH  npneMHbix  KaHaaoB. 

B  npouecce  CTaracTHuecKOH  o6pa6oTKH  pe-  The  statistical  processing  of  samples 
ajiH3aiiHH  MaTpHUbi  pacceaHHH  oueHHBaancb:  includes 

1 .  HeKorepeHTHbie  napaMeTpbi  MaTpHUbi  pacce-  1-  estimation  of  such  lion-coherent  para- 
bhhh  -  cpeAHee  3HaqeHHe  OTHomeHHa  3ITP  meters  of  BSM  as  average  ratio  a  of 

odbeKTa  Ha  ropH30HTajibHoft  h  BepTHKaribHOH  the  radar  reflectivity  at  horizontal 

nojiapH3auHH  a  h  cpeaHHe  3HaqeHHa  ko3$-  and  vertical  polarizations,  mean 

(J)HUHeHTOB  ^enoji^pH3auHU  Dh,  Dy  ana  to-  values  of  the  depolarization  factors 

pH30HTajibHOH  h  BepTHKajibHoii  nojmpH3a-  Dv  for  horizontal  and  vertical 

UHh  cooTBeTCTBeHHO .  3aecb  polarization,  corrspondingly.  Here 

0  =  A>=<WaM,  Dr=<jJa„, 

me  where 

1  v  n=l 

~  oueHKa  cpeaHero  3HaqeHHg  KBaapaTa  mo-  is  estimate  of  the  average  square  of 
ayjifl  ajieMeHxa  MaTpHUbi  pacceaHHa;  BSM's  element  modulus; 

2  aoruiepoBCKHe  cneKTpbi  aaeMeHTOB  MaTpH-  2.  estimation  of  BSM  elements'  Dop- 
Ubi  pacceaHHfl.  OueHKH  cneicrpoB  paccaHTbi-  pier  spectra.  The  estimates  were 

BaaHCb  MeroflOM  nepnoaorpaMM  Yajiua  npH  found  by  Welch  periodogram  method 

cneicrpajibHOM  pa3peineHHH  2,7  Tn;  with  2,7  Hz  spectral  resolution; 

3.  K03(J)(J)HUHeHTbi  B3aHMHOH  KoppeaauHH  3Jie-  3.  estimation  of  cross-correlation  coeffi- 
MeHTOB  MaTpHUbi  pacceHHHH  ana  pa3JiHHHbix  cients  of  BSM  elements  for  various 
HHTepBajiOB  HadjHoaeHHfl,  onpeaeaaeMbie  b  observation  periods  in  accordance 
cooTBeTCTBHH  c  BbipaaceHHeM  with  expression 

P9«=(^>/CTffc«)  ' 

n-\ 

rae  M<N  ~  hhcjio  otchctob  Ha  HHTepBaae  where  M<N  is  a  number  of  samples 

HadjnoaeHHH  T=2M/Fr ,  F=1024  Fu  —  qac-  for  observation  interval  T—2M/Fr , 

Tora  noBTOpeHHa  30HaHpyK>mnx  HMiiyabcoB.  F= 1024  Hz  is  PRF  of  sounding  pulses. 

3.  Pe3yjibTaTM  o6pa6oTKH  aaHHbix  3.  Results  of  data  processing 

Ha  phc.  1  npHBeaeHbi  npHMepbi  aonaepOBC-  Figure  1  shows  examples  of  the  Dop- 
khx  cneKTpoB  3JieMeHT0B  MaTpHU  pacceaHHH  pier  spectra  of  BSM  elements  for  sea 
MopcKOH  noBepxHOCTH  npH  BoaHeHHH  2-3  6aa-  surface  (Beaufort  number  is  2-3),  rain 
jia,  30Hbi  aoxcaa  h  HaaaoaHoro  cyaHa.  OopMbi  area,  and  surface  vessel.  The  spectra 
cneiopoB  Kpocc-noaHpH30BaHHbix  KOMnoneHT  forms  of  the  cross-polarized  reflections 
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OTpa^fceHHH  jinn  Bcex  oSbcktob  npaKTH4ecKw  practically  coincide  for  all  objects,  that 
coBnaaaiOT,  hto  ABJiflerca  cjieflCTBHeM  chmmct-  follows  from  symmetry  of  the  backseat - 
pWM  MaTpMitbi  obpaTHoro  paccenHHfl.  tering  matrix. 
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Phc.  1.  HonjiepoBCKHe  cneicrpbi  ajieMeHTOB  MaTpHUbi  pacceHHKa:  a)  wopCKaa 
noBepxHocrb;  b)  30Ha  BbinaneHHB  flOKHa;  c)  pbibamcoe  cy^no 
Fig.  1.  Doppler  spectra  of  the  scattering  matrix  elements:  a)  sea  surface,  b)  rain 
area,  c)  surface  vessel 
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Hjv I  MopcKOH  noBepxH octm  (pile,  la)  KpHBbie  For  sea  surface  (Fig.  la),  the  spectral 
cneicrpajibHOH  iuiothocth  ko-  h  Kpocc-nojmpH-  density  curves  of  co-  and  cross-polarized 

30BaHHbix  KOMnoHeHT  OTpaxeHHoro  curHana  components  of  the  reflected  signal  are  close 
6jih3kh  k  ray ccobckmm  c  mnpMHori  80-^100  T\x  no  to  Gaussian  law  with  80-100  Hz  spectrum 
ypoBHio -3 riB.  BejiHHHHa  cMememin  cneKTpoB  3a-  width  at  -3  dB  level.  The  spectra  shift 
bhcht  ot  HanpaBJieHHH  30H£HpoBaHMH  othoch-  depends  on  sounding  direction  relatively 
TejxbHo  HanpaBJTeHMH  BeTpa  h  ^oemraer  MaKcn-  wind  direction  and  takes  maximum  values 
MajibHbix  3HaneHHH  npn  opneHTaunn  Jiyua  pa-  (±100  Hz  in  the  given  measurements) 
nnojioKaTopa  no  Beipy  wm  npOTHB  BeTpa  (±100  when  radar  beam  is  aligned  downwind 
Tlx  b  npoBerteHHbix  H3MepeHHax).  MaKCHMajibHan  oragainst  the  wind.  The  maximum  range, 
ZUiCTaHitHH,  c  KOTOpon  Ha6juo^ajiHCb  OTpa>KeHHH  from  which  the  sea  surface  reflections  were 
ot  noBepxHocTM  Mopa,  He  npeBbimana  12  km.  Ot-  observed,  did  not  exceed  12  km.  The 
paxceHHH  ot  30Hbi  Bbina^eHHH  zoimi  (pnc.  lb,  m-  reflections  from  rain  area  (Fig.  lb,  distance 
craHUHfl  R~ 20,5  km)  nweioT  bbicokhh  ypoBeHb  20,5  km)  have  a  high  level  of  co- 
K0-n0JffipH30BaHHbix  m  HH3KHH  (Ha  ypoBHe  no-  polarized  and  low  level  (at  the  polarization 
jmpjmnnoHHOH  pa3BH3KH)  ypoBeHb  Kpocc-no-  isolation  level)  of  cross-polarized  compo- 
nHpH30BaHHbix  KOMnoHeHT.  IUnpuHa  cneiopoB  nents.  The  spectrum  width  of  co-polarized 
KO-no;iflpM30BaHHbix  KOMnoHeHT  jieatHT  B  HH-  components  varies  from  40  to  65  Hz,  that 
TepBajie  40-65  Fn,  mto  cooTBeTCTByeT  epe/ure-  corresponds  to  nns  velocity  dispersion 
KBaaparauecKOMy  pa36pocy  cKopocTen  paccen-  of  scatterers  0,61  mps  in  the  resolution 
BaTejieft  b  oS-beMe  pa3pemeHH5i  0,61  m/c.  JJjir  Ha jx-  cell.  For  surface  vessel  (Fig.  lc,  distance 
Bo^Horo  cyma  (pnc.  lc,  i?= 22,8  km)  xapaicrepHbi  7?=22,8  km),  narrow  spectra  of  the  BSM 
ysKne  cneicrpbi  ojieMeHTOB  MaTpnnbi  pacceaHna.  elements  is  typical.  The  main  part  of  the 
OcHOBHaa  jxonn.  OHeprnn  OTpa^KeHHoro  cwraa^a  reflected  signal  power  is  localized  in  one 
cocpeaoToneHa  b  o^hom  nqeuKe  pa3pemeHHH  no  resolution  Doppler  cell. 
aonjiepoBCKOH  nacTOTe. 

Ha  pnc.  2  npeacTaBjreHbi  mcTorpaMMbi  one-  Figure  2  shows  sampling  histograms 
hok  MoayJieM  KOMnjieKCHbix  K03(})4)HnHeHT0B  of  modulus  estimates  of  the  cross  corre- 
B3aHMHOH  KoppejinnMH  phhvv ,  phhhv ,  pwhv  cooTBeT-  lation  coefficients  pMvv,  p/(W(v,  p  of  the 
CTByronmx  arceMeHTOB  MaTpunbi  pacceaHHH  Ha  corresponding  BSM  elements  within 
kopotkhx  HHTepBanax  HafijiKxaeHHH  ( T=40  mc).  short  observation  intervals  ( 7^=40  ms). 


Pnc.  2.  FucTorpaMMH  KoacixhuuneHTOB  KoppejiHuun  3JieMeHTOB  MaTpnnbi  paccen- 
Hm:  a)  MopcKan  noBepxHocTb;  b)  30Ha  BbrnaneHun  £o;aaifl;  c)  pbi6auKoe 
cyzjHo 

Fig.  2.  Histograms  of  correlation  coefficients  of  the  scattering  matrix  elements:  a)  sea 
surface,  b)  rain  area,  c)  surface  vessel 
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H/w  MOpCKOH  noBepxHOCTH  (pnc.  2a)  xapaK- 
TepHbl  HH3KHe  3HaieHHfl  Bcex  Tpex  K03(j)(})HUHeH- 
tob  KoppenBUHH.  flnaroHajibHbie  3/ieMeHTbi  MaT¬ 
pHUbi  paCCeHHHB  30HbI  ZIOTOB  npaKTHHecKH 
nOJTHOCTblO  KOppeJIHpOBaHHbl  npH  HH3KOM  KOp- 
pejIBUMM  MQWiy  3JieMeHTaMH  CTOJl6uOB  MaTpHUbi 
paccenHHn  (pwc.  2b).  Jljvi  HaaBo^Horo  cyaHa  (pnc. 
2c)  HaGjiiQuaioTCfl  BbicoKHe  3HaMeHM5i  Bcex  Tpex 
K03(Jx])HUHeHT0B  KOppejIflUHH.  YBejIHHeHHe  Bpe- 
MeHM  Hafr/iKweHHJi  40  2  ceK  He3HaHMTejibHo  cKa- 
3blBaeTCH  Ha  3HaiieHHflX  K03(f)Cj)MUHeHT0B  Koppe- 
JinWWOJM  MOpCKOH  nOBepXHOCTH  H  30HbI  flow, 
ho  Be/ieT  k  cymecTBeHHOMy  yMeHbiiieHHio  ko3($- 
(J)HUHeHTOB  KoppejmuHH  /urn  HaaBO,aHbix  cyaoB. 

B  Ta6^Hue  2  npHBeaeHbi  aHana30Hbi  cpeaHHx 

3HaiieHHM  nOJIHpH3aUHOHHbIX  XapaKTepHCTHK 
oSbeKTOB,  nojiyneHHbie  no  pe3yjibTaTaM  o6pa- 
6otkh  3KcnepHMeHTajibHbix  AaHHbix.  HeKorepeH- 
THbie  napaMeTpbi  MaTpHUbi  pacceflHMH  a,  Dh  h 
D ,  oueHHBajmcb  no  peajiH3auHHM  jouiHTejibHoc- 
TbK)  2  ceK.  3HaneHHB  K03(jxl)HUHeHTOB  B3aHMHOH 
Koppe;nmHH  3jieMeHTOB  MP  npHBe.aeHbi  ajib 
KOpOTKHX  MHTepBajIOB  HaGjuoueiiHH. 


Ta6jnma  2.  noirapH3anHOHHLie  xap aw epncTHKH  oSbeicroB 
Table  2.  Polarization  characteristics  of  objects 


XapaKTcpHcratca 

o6*,cKxa 

(Object's 

characteristics) 

Twi  obtacra  (Object) 

MopcKax 

nOBCpXHOCTb 

(sea  surface)) 

30Ha^05Kfla 

(rain  area) 

a,  dB 

-2. ..-4 

0 

+4...-4 

Ai>  <IB 

-4. ..-9 

-18..  .-23 

-9.. .-16 

dB 

-6.. .-13 

-18.. .-23 

-9.. .-16 

pAAw 

0,3... 0,4 

■ffl'M  i 

pAfivfc 

0,2... 0,3 

0,2... 0,4 

0,6... 0,9 

Pvftw 

0JZ...0J 

02... 0  A 

0,6..  .OS 

Sea  surface  (Fig.  2a)  is  characterized 
by  low  values  of  all  three  correlation 
coefficients.  The  diagonal  BSM  elements 
of  the  rain  area  are  almost  completely 
correlated  at  low  correlation  of  the  BSM 
columns  elements  (Fig.  2b).  For  surface 
vessel  (Fig.  2c)  there  are  high  values  of  all 
three  correlation  coefficients.  Enlarge¬ 
ment  of  the  observation  period  up  to  2  s 
weakly  influences  the  correlation  coeffi¬ 
cients  for  sea  surface  and  rain  area  but 
leads  to  essential  decreasing  the  corre¬ 
lation  coefficients  for  surface  vessel. 

Table  2  shows  ranges  of  average 
polarization  characteristics  of  the  ob¬ 
jects,  obtained  during  the  experimental 
data  processing.  Non-coherent  BSM  para¬ 
meters  a,  Dh  and  Dv  were  estimated  by 
2  sec  samples.  The  cross  correlation 
coefficients  of  BSM  elements  are  given 
for  the  case  of  short  observation  period. 


M3  npMBeaeHHbix  b  xaBjinue  naHHbix  cjie/iyeT, 
hto  b  HanGojibinefi  creneHH  pa3JiH4H«  b  nona- 
pH3auHOHHbix  xapaKTepMCTHKax  oSbeKTOB 
npOBBJIBIOTCfl  B  K03(J)4)HUHeHTax  B3aHMHOH  KOp- 
peJIHUHM  3JieMeHT0B  MaTpHUbi  paCCeflHHfl. 


The  data  in  the  Table  2  show  that  the 
most  differences  in  polarization  characte¬ 
ristics  of  the  objects  become  apparent  in 
the  cross  correlation  coefficients  of  BSM 
elements. 


3aKJuoneiiHe 


Conclusions 


npOBeaeHHbie  3KcnepHMeHTajibHbie  nccjie- 
£OBaHHfl  noKa3anH,  mto  Taicne  paaHOJioKauHOH- 
Hbie  oS-beKTbi,  KaK  Mopcxan  noBepxHocTb,  rua- 
poMeTeopbi  h  HaaBoaHbie  cyaa  Ha  kopotkhx  hh- 
TepBaaax  HaSaioaeHHH  hmciot  cymecTBeHHO 
pa3Hbie  Ha60pbl  3HaneHHH  K03(])(j)HUHeHTOB  Kop- 
peaauHH  Me>xay  3JieMeHTaMH  MaTpHUbi  paccea- 
Hna.  riosTOMy  Ha6op  H3MepeHHbIX  3HaueHHH  ko- 
3(f>(J)HUHeHT0B  KOppeaauHH  MoaceT  ncnoab30- 
BaTbca  b  KauecTBe  noaapH3auHOHHoro  npH3HaKa 
npH  HaeHTH4)HKauHH  HabaioaaeMbix  o6i>eKTOB. 


The  given  experimental  investiga¬ 
tions  have  shown  that  such  radar  objects 
as  sea  surface,  hydrometeors  and  surface 
vessels  have  essentially  different  sets  of 
the  correlation  coefficients  between  the 
BSM  elements  for  short  observation 
intervals.  Therefore,  these  sets  of  measu¬ 
red  correlation  coefficients  may  be  used 
for  identification  of  observable  objects 
as  a  polarization  signature. 
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Cpaenenue  Mampuiibi  Kchho  u  (popMynupoeKU  ko-  A  comparison  between  the  Kennaugh  matrix 

eapuau,uoHHoii  Mampunbi  MOMenmoe  2-eo  nopnd-  and  the  covariance  matrix  formulation  of 

Ka  e  paduojioKanuoHHou  (PJI)  nompuMempuu  06-  second-order  moments  radar  polarimetry 

Hapyjtcueaem  uumepecubie  coomHouiemiR  Meotcdy  reveals  interesting  relationships  between 

acnexmaMU  Mow,uocmu  u  ducnepcuu  PJI  paccen-  power  and  variance  aspects  of  radar 

huh  om  cjiynauubix  i(ejteii.  scattering  from  random  targets 

BBe;tciiHC  Introduction 

B  paaMOjioKauHOHHofi  h  oirmqecKOH  nojwpH-  In  radar  and  in  optical  polarimetry 
MeTpHHcymecTByioTABapaaaMHHbixMeTOAaonH-  there  exist  two  different  methods  to 
camw  cbohctb  nojiapHMeTpnqecKoro  pacceaHHH  characterize  the  polarimetric  scattering 
nojiHocTbK)  nojiapH30BaHHbix  iuiockhx  3M  bojth  properties  of  plane  fully  polarized  electro- 
cjiyuaHHbiMH  ue^HMH  c  noMombio  MOMeHTOB  bto-  magnetic  waves  by  random  targets  by 
poro  nopjmxa  -  3to  <j)opMyjiHpoBKa  MaTpHUbi  second-order  moments,  the  Kennaugh 
KeHHo  h  aHajiH3  c  Hcnojib30BaHHeM  KOBapnauH-  matrix  formulation  and  the  covariance 
ohhoh  Marpnubi.  06a  Mercia  cHHraiOTCH  He3aBH-  matrix  analysis.  They  are  generally  consi- 
CHMbiMM,  xoth  (J»opMajTbHo  b  hhx  Hcnojib3yiOTCH  dered  to  be  independent,  although  formally 
xce  caMbie  MOMeHTbi  BToporo  nopamca.  Ilouxofl  they  involve  the  same  second- order 
KeHHo  Hcnojib3yeTca  jjji a  noncKa  peuieHHa  on-  moments.  The  Kennaugh  approach  is  used 
THMajibHon  nepenaqn  moiuhocth,  Toma  xax  ko-  for  finding  solutions  for  optimal  power 
BapnauHOHHafl  Marpmia  Hcnojib3yeTca  c  toukh  transfers  whereas  the  covariance  matrix  is 
3peHHH  3HTponnH  h  flHcnepcHH.  Aajree  Mbi  orpa-  used  for  entropy  and  variance  conside- 
hhuhmch  cnyuaeM  no/iapH  MeTpHH  npn  o6paTHOM  rations.  In  the  following  we  restrict  ourselves 
PJI  pacceHHHH  (6ojiee  noxipo6Haa  HHchopMauna  to  backscatter  radar  polarimetry  for  which 
co^epxcHTCH  b  pa6oTe  BepHepa  ujip.  [1]).  Herape  we  refer  to  Boerner  et  al  [  1  ]  for  a  detailed 
3;ieMeHTa  MaTpnubi  obpaTHoro  pacceaHtw  Chh-  account.  The  four  elements  of  the  Sinclair 
KJiepa  S  b  o6hhhom  6a3nce  nepe^a/npneM  {x,y}  back  scatter  matrix  S  in  the  common 
hjih  {//,  F}-noaapH3auHOHHOM  6a3nce  hbjwiotcb  transmit/receive  {x,y}-  or  {H,V}~  pola- 
KoppejmpoBaHbiMH  cjiyqafiHbiMH  nepeMeHHbiMH,  rization  basis  are  correlated  random  vari- 
rae  /  yKa3biBaeT  Ha  aHcaMrijib  BejimiHH.  ables  where  t  stands  for  ensemble  values 


npe^nojiaraeTCH,  hto  aneMeHTbi  MaTpMUbi  It  will  be  assumed  that  the  elements 
CHHKiiepa  S(t)  b  cj)HKCHpoBaHHOM,  ho  npoH3-  of  the  Sinclair  matrix  S(t)  at  a  fixed  but 

BOJibHoft  TOUKe  BpeMeHH  HJIH  npocTpaHCTBa  -  arbitrary  instant  of  time  or  space  are  ran- 

cjiyuawHbie  nepeMeHHbie  cTamioHapHbix  m/hjih  dom  variables  of  a  stationary  and/or  homo- 

oaHopoAHbix  doxacTHMecKMx  npoueccoB.  ripen-  geneous  stochastic  processes.  Assuming 
nojioxceHHe  06  opro/iHHHocTH  ycpenHeHHfl  no  ergodicity  ensemble  averages  can  be 
aHcaM6juo  MoxeT  6biTb  3aweHeHo  ycpenHenn-  replaced  by  time  averages  and  are  denoted 
eM  no  BpeMeHH  h  o6o3HaMaercH  ymoBHMH  cko6-  by  sharp  brackets  <...>.  For  sake  of 

KaMM  <...>.  PaaH  npocTOTbi  mu  6epeM  <S(t)>=0,  simplicity  we  take  <S(t)>*=0  which  implies 

uto  noapa3yMCBaeT  yaaneHHe  cpenHero.  removing  of  means. 

MoMeHTbi  BTOporo  nopHZUca  sthx  cjiynaMHbix  Second-order  moments  of  these  ran- 
nepeMeHHLix  yumbiBaioTca  c  noMombio  jno6o-  dom  variables  are  taken  into  account  by 
ro  H3  3TMX  BbipaxceHHH  forming  either  one  of  these  expressions 

\K  =  <S(0®S\t)> 

\ C  -  <  vec  5(/)vectS(/)  > 


where  K  and  C  denote  pre-Kennaugh 
and  covariance  matrices,  the  symbol  ® 
denotes  the  Kronecker  product  and  the 
'vec'  operator  indicates  the  subsequent 
stacking  of  column  vectors,  see  Horn 
and  Johnson  [2].  The  dagger  symbol  t 
denotes  Hermitian  conjugation. 

Maxpmra  Kemio  The  Kennaugh  matrix 

flpenBapHTejibHan  Maipnua  KeHHO  B03HHKa-  The  pre-Kennaugh  matrix  K  arises  in 
eT  ciie^yiouniM  o6pa30M.  CjiyuawHoe  aneicrpoMar-  the  following  way.  The  random  electro- 
HHTHoe  none  Es  (t) ,  o6pa30BaHHoe  b  pe3yjibraTe  magnetic  field  Es  (t)  resulting  from  scat- 
pacceaHHfl  nanaiomen  nojiHocTbio  nojmpH30BaH-  tering  of  the  incident  fully  polarized  wave 
Hoft  BOJiHbi  E  cnyuaMHO  pacnpeneneHHOH  uejibio,  E  by  a  randomly  distributed  target  is 
o6BeaHHtf eTCfl  co  cbohm  KOMruieKCHbiM  conpHxce-  combined  with  its  complex  conjugate  as 
HHeM  B  BH^e  follows 


rne  Co6o3HaMaeTKOBapnauHOHHyio,  a  A'-  npen- 
BapHTenbHyio  waTpHiry  KeHHO,  chmboji  060- 
3Hauaer  KpoHeKepoBCKoe  npoH3BeneHMe,  a  one- 
paTOp  ’vec'  yxa3biBaeT  Ha  nocnenoBarejibHoe 
pacnojroxceHHe  BeKTopoB-cmnbuoB  (cm.  XopH  h 
Hxcohcoh  [2]).  Chmbojt  t  o6o3HauaeT  spmhtobo 
conpaxceHHe. 


Es(t)  =  S(t)E  1 
Es\t)  =  S\t)E‘'\ 


t ( t ) ®  Es" (r)  =  (S(t)E1  )®(S'(t)Ei')  =  (S(t)®S' (t)){E’  ® E'' ). 


ycpejHCHHe  npHBOflirr  k  pe3yjibtaTy  Averaging  leads  to 


<  E'  (t)®  Es‘ (t)  >  =  <  S(t)  ®  S‘(l))  >  (E‘  ®E’’)  =  K(E‘  ®  E' ). 


TaKHM  06pa3OM  npejroapHTeJibHafl  Maipnua  KeH-  The  pre-Kennaugh  matrix  breads 
ho  K  laiiHCbiBaeica  k;ik  explicitly 


K  =  <S(t)*S\t)>  =  < 


'  iVOI2  VO^M 
SJQSTjt) 

syA<K(‘)  s^os'jt) 
|S^(0I2 


s^oslit)  1 5^(0 12 

S^KiO  SJt)S-Jt)  >JK1 
S„(t)Sl(t)  SJt)S^(t)  k2 

SJOSIAO  I  VO  I2  . 


rae  K  (/'=  -  2x2  noaMaipnubi.  IlepeMHo-  where  AT.  (/— - 1 .  .4)  are  2x2  sub-matrices. 

xceHne  c  4x4  Marpnueii  Q  Multi  plication  with  the  4x4  matrix  Q 
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IIpHBO,HHT  k  (BemecTBeHHbiM)  BeKTopaM  Cto- 
Kca  g  pacceflHHbix  h  na^aiomux  ajieKTpHHecKMX 
nojien.  MaTpnua  Kchho  Ke  (cm.  Mott  [3])  ori- 
pe^ejiHeTCH  b  cootbctctbhh  c  BbipaxceHueM 


leads  to  the  (real)  Stokes  vectors  g  of 
the  scattered  and  incident  electric  fields. 
The  Kennaugh  matrix  Ke,  see  Mott  [3], 
is  defined  by 


Ke  =  <  S(t)®S\t)  >0=  ~Q'KQ'  =  X-DQK&  =  DQKQ"' 


c  awaroHajibHOH  MaTpnuen  Z)=diag[  1,1, 1,-1]. 
MaTpnua  D  ABJiaeTca  pe3yjibTaTOM  npUMeHeuna 
ypaBHeHHH  HanpaxceHna  b  3a,aaHe  onTHMH3aunn 

MOmHOCTH.  OaKTHMeCKH  ee  Hy>KHO  paCCMOTpn- 
BaTb  KaK  onepaitHK)  oOpameHHH  BpeMeHH  b  no- 
JlBpMMeTpHMeCKOM  npocTpaHCTBe  Muhkobcko- 
ro,  ywrbiBaB ,  mto  naaaiomaa  n  pacceaHHaa  Bojma 
b  PJI  nojiapHMeTpnn  npn  obpaTHOM  pacceaHnn 
pacnpCTpaHaiOTca  b  npoTMBonojio>KHbix  HanpaB- 
aeunax  (cm.  JIioHe6ypr  [5]).  CaeayeT  OTMeraTb,  hto 
MaTpnua  KeHHo  aanaeTca  BemecTBeHHon  m  chm- 
MeipHHHOH,  ecnn  K  (nan  uaxce  S  aaa  tohchhoh 
uean)  aBJiaerca  chmmctphhhoh.  3th  Bbipaacemia 
Taoce  caeayiOT  H3  MaTpmxbi  KorepeHTHOcTH 
Boab^a  [6]. 


with  the  diagonal  matrix  J9=diag[  1 , 1 , 1 1  ]. 
The  matrix  D  arises  from  the  application 
of  the  voltage  equation  to  power  opti¬ 
mization  problems.  Actually  it  should  be 
considered  as  the  time  reversal  ope¬ 
ration  in  polarimetric  Minkowshi  space 
taking  into  account  that  the  incident  and 
the  scattered  wave  in  backscatter  radar 
polarimetry  propagate  in  opposite  di¬ 
rections,  see  Luneburg  [5].  It  is  worthwhile 
to  point  out  that  the  Kennaugh  matrix  is 
real  and  symmetric  if  K  (or  even  S  for  a 
point  target)  is  symmetric.  These 
expressions  can  be  found  also  from  Wolfs 
coherency  matrix  [6]. 


KoBapHaitHOHuaa  MaTpnua 

BBe^eM  Tax  Ha3biBaeMbin  nojiapHMeTpnHec- 
KHH  npH3HaKOBbIH  BeKTOp  UeJIH 


The  covariance  matrix 

We  introduce  the  so-called  polari¬ 
metric  target  feature  vector 


*i(0 

SflH  (0 

vec£(0  = 

m 

m 

sHV{t)  5 

MO. 

_Syv( 0  _ 

KOTOpbin  BBJiaeTCH  jiHiiib  HenocpeacTBeHHbiM 
cnoco6oM  3anncn  cjiyaaftHbix  ajieMeHTbi  b  yno6- 
hom  bh ae.  Toraa  BBHaa  <})opMa  KOBapnaunoH- 
hom  MaTpnubi  C  3aaaeTCH  Kax  C -<k(t)k\t)  > 
mm 


which  is  just  a  straightforward  way  of 
writing  the  random  elements  in  a  conveni¬ 
ent  form.  Then  the  explicit  form  of  covari¬ 
ance  matrix  C  is  given  by  C =<  k(t)k\i)  > 
or 


cr 

<Sm(t)S'HH(t)>  <|Sra(0|2>  <Sm(t)S'm.(t)>  <5,7,  (t)S'yy(t)> 

C2 

<SHy(t)SyH(t)>  <1  5,,,.  (0  j  >  <  5//r  (t )SIV  (/)  > 

c3 

<Svy(t)S‘HH(t)>  <Syy(t)S’yH(t)>  <  Syy  (t)^  (f)  >  <\Syy(t)\2> 

C4. 

no  onpeuejieHHK)  4x4  KOBapnaunoHHaa  MaT-  By  definition  the  4x4  covariance 
pHua  C  ZBJiaeTca  spmhtoboh  noaoxHTejibHon  matrix  C  is  Hermitian  positive  semi- 


167 


O  cmpoeoM  eeedem/u  KoeapuatiuowtbD:  yompun  ...  _ 

nojiyon peaejieHii on  Marpimefi.  Otmcthm  cxejiy-  definite.  We  note  the  following  relation 
lomee  otholuchhc  weacoy  npeaBapnTejibHon  Max-  between  the  pre-Kennaugh  matrix  K  and 
pimen  Kenno  A'h  KOBapnauHOHHoii  MarpitueH  C:  the  covariance  matrix  C: 
C,  -  vec7 AT,. (r=l,. ..4).  hpyjot pacnojioxeHHe  bck-  C,  -  vec7  A7(/~l,...4).  Another  column 
xopOB  CTOJtSuoB  ncriojib3yeT  cnnHOBbie  MaTpn-  vector  ordering  uses  the  Pauli  spin 
Ubi  nayjiu.  06e  (JtopMbi  cBH3anbi  yHMTapHbiM  no-  matrices.  Both  forms  are  related  by  unitary 
£o6ue.M  h,  QJiejxomTtjibuo,  hmciot  Ty  >kc  caMyio  similarity  and  hence  have  the  same  norm 
HopMy  h  coGcTBeHHbie  3HaiieKmi.  KoBapnannon-  and  eigenvalues.  Covariance  or  correlation 
Hbie  hjih  KoppejumnoHHbie  MarpHUbi  onncbiBatoT  matrices  describe  second-order  moments 
MOMeHTbi  BTOporo  nopBjiKa  MHoroxi epHbix  (uacTO  of  multivariate  (often  Gaussian)  joint 
FayccoBCKHx)  coBwecTHbix  4)vhkumm  ruioTHocTH  probability  density  functions.  In  radar 
BepoHTHOcm.  B  PJ1  nojiaptiMeTpHH  npMMeHCHHe  polarimetry  the  application  of  the 
KOBapnauHOHHoii  MarpHUbi  m3bcctho  ksk  reo-  covariance  matrix  is  known  as  target 
pm  paajioxeHHfl  uejin  (cm.  Knay#  [7]).  Ojmaxo  decomposition  theory,  see  Cloude  [7].  This 
3X0  —  uacTHoe  npHMeneHHe  nmpOKo  H3BecTH0-  is  however  a  special  application  of  the 
ro  aHariH3a  ocnoBHbix  KOMnoHeHT  (AOK)  b  o6-  widely-known  Principle  Component 
meii  MHoroMepHon  craTHCTHKe  (cm.  ,0[>kojih(I)<1)  Analysis  (PC A)  from  general 
[4]).  DiaBHaa  uejib  AOK  coctoht  b  tom,  4To6bi  multivariate  statistics,  see  Jolliffe  [4]. 
npeo6pa30Barb  KoppejiupoBaHyio  cnyHarmyro  ne-  The  main  purpose  of  PCA  is  to  convert 
peMeHHyio  b  HOBbie  HeKoppeJiHpOBaHbie  (He  o6h-  the  correlated  random  variable  kft)  into 
3aTejibH0  He3aBHCHMbie)  BejiHHHHbi  h  ynopaao-  new  uncorrelated  (not  necessary  indepen- 
MHTb  b  cooTBexcTBHH  c  hx  itwcnepcHeft.  dent)  variables  and  order  the  new 

EyayuH  3PMHTOBOH  noaoKHTejibHOM  nojiy-  variables  according  to  their  variances. 
onpeaeJieHHbiii,  KOBapHauHOHHaa  MaTpuua  mo-  Being  Hermitian  positive  semi-definite 
ace t  6biTb  auaroHajiH3HpoBaHa  yHMTapHbiM  npe-  the  covariance  matrix  C  can  be  unitarily 

o6pa30BaHneM  diagonalized 

U-lCU  =  diag[A, ,  X2  ,X3 9X4  ] 

me  U  =  [xl9x2,Xy,x4].  with  f/=[x„x2,xJJx4]. 

BBe^reM  HOBbie  cjiyuanHbie  nepeMeHHbie  c  no-  We  introduce  new  random  variables 
Mombio  cneByromero  jiHHewHoro  cooTHoxiieHH5i  by  means  of  the  linear  relation 

Z(/)  =  [z,(/)  z2(/)  z3(0  zA(l)f  =U'k(t)  =  [x?ic(t)  x*k(t)  x'k(t)  x}k(t)J 

hjih  k(t)  =  UZ(t)  c  BemecTBeHHbiMH  HeoTpHua-  or  k(t)  =  UZ(t)  with  real  nonnegative 

TenbHbiMH  0  <  X4  <  X3  <  X2  <  Xj  co6cTBeHHbiMH  eigenvalues  0  <  X4  <  X3  <  X2  <  and 

qncjiaMH  opTOHopMajibHbiMH  co6cTBeHHbiMH  oithonormal  eigenvectors  % 

BeicropaMH  % 

Cx,  =Xlxl,  x'xj  =  &0  (i,j= 1,2, 3, 4). 

HoBbie  cjiyuaHHbie  BeicropHbie  KOMnoHeHTbi  zjit)  The  new  random  vector  components 
(/—1,2,3,4)  Beicropa  uejin  Z(t)  Ha3biBaiOT  ochob-  zij)  (/— ^,2,3,4)  of  the  target  feature 

HbiMH  KOMnoHeHTaMH  (OK)  (cm.  fljioiHdjt})  [4]).  vector  Z(t)  are  called  the  principal 

Ohh  bbjihiotcb  HeKoppejinpoBaHbiMH  (ho  He  components  (PC's),  see  Jolliffe  [4].  They 
o6*i3aTejibHO  He3aBHCHMbiMH),  a  hx  itHcnepcHH  are  uncorrelated  (but  not  necessarily 
paBHa  cooTBeTCTByromeMy  co6cTBeHHOMy  3Ha-  independent)  and  their  variance  is  equal 
qeHHio  C  to  the  corresponding  eigenvalue  of  C 

<  zi (i t)z* (0  >  =  x,+  <kk*  >  Xj  =  xfCxj  =  Xj (/,  j  =  1, 2, 3, 4). 

CobcTBeHHbie  BeKTopbi  £t  (/=  1,2, 3, 4)  KOBa-  The  eigenvectors  £■  (r— 1,2, 3, 4)  of 

pHauHOHHoti  MaTpHUbi  Ha3biBaK)T  BeKTOpaMH  the  covariance  matrix  C  are  called  the 
K03(f)(f)HUHeHT0B  hjih  Harpy30K  juib  i-ofi  ochob-  vectors  of  coefficients  or  loadings  for 
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hoh  KOMnoHeHTbi  z,(0- CneKTpajibHoe  pa3noxe-  the  i-th  principal  component  *.(/).  The 
Hue  C  3a#aeTCH  BbipaaceHHeM  spectral  decomposition  of  C  is  given  by 


C  =  UAUf  =J^'A,x,xlf. 


Bee  neTtipe  4x4  MaTpmjBi  xtx,  HMeioT  paHr  1  H 
cjieutrace^x/^l.  npH  oSpameHMH  onepauHH 
'vec',  Xj  MoryT  HHTepnpeTHpoBaTbcu  KaK  Toueu- 
Hbie  uejin  c  2x2  MaTpHueH  S.,  y  KOTopbix  spanS=l 


The  four  4x4  matrices  xj.x/  all  have  rank 
1  and  trace(  xJjc/t)=l.  Reversing  the  ’vec* 
operation  the  x,'s  can  be  interpreted  as 
2x2  point  targets  S.  with  spanS =1 


x{  =  vec  St  =  [x„  xi2  x/3  x/4  ]?  o 

TaK,  hto  Hcno^b3yn  cooTHoineHHe  k(t)  =  UZ(t) , 
nojiyuaeM 


X,, 

x/3 

*/2 

*/4 

(/  =  1,2,3,4) 


and  hence  by  making  use  of  the  relation 
k(t)  =  UZ(t) 


shh(0  ShAO 
svh(0  Sw(0 


z,(t)  =  tsM  0- 


i=\ 


3ra  3axiHCb  jmnHercfl  pacnpocTpaneimeM  Bbi6o- 
poK  MaTpmibi  CuHicnepa  S(t)  m  uerbipe  ToneuHbix 
uejin  co  cnyuaiiHbiMH  K03(jxj)HUHeHTaMH .  HyacHO 
no/mepKHyrb,  hto  oth  HOBbie  cnyuaHHbie  nepeMeH- 
Hbie  zff)  HeKoppeTmpoBaHbi,  h  b  or om  CMbicne  oc- 
HOBHbie  uenn  S.  uBJunorca  oproHopManbHbiMH 


This  is  the  expansion  of  the  samples 
of  the  Sinclair  matrix  S(t)  into  four  point 
targets  with  random  coefficients.  It  should 
be  stressed  that  the  new  random  variables 
Zft)  are  uncorrelated  and  that  the  basic 
targets  S.  are  orthonormal  in  the  sense 


(vecSyvecS,  =  xj£j  =Y^x,txJt  = 


\x,  II  =8ff. 


k= I 


k=\ 


ycpe^HeHHaB  MaTpuua  moiuhocth  TpeiiBca  hb-  The  average  Graves'  power  matrix  is 
jweTCH  opMHTOBon  riojio>KHTejibHOM  nonyonpe-  Hermitian  positive  semi-definite  and  can 
neJieHHOM  h  Mo^cer  6biTb  npe^ciaBJieHa  KaK  be  expanded  according  to 


g  =  <  s\t)S(t )  >  =  £  \,s;s,  =  £  X,G, 


/= 1 


i=\ 


_  4 

me  trace  G  =  ^  .  G  ~  B3BeiueHHaa  cyMMa  oc- 

/=i 

HOBHbix  opMHTOBbix  nojio^KMTejibHbix  nojjyonpe- 
aejieHHbix  MaTpHir  moiuhocth  rpeHBca  G,  =  S?S, . 

Mcnojib3yu  tot  t^aicr,  hto  nepeMeHHbie  zfj) 
HeKoppeuHpoBaHbi,  Mbi  nojiyuaeM  BbipaaceHHe 


4 

with  trace  G  =  .  G  is  a  weighted  sum 

of  the  basic  Hermitian  positive  semi-de- 
finite  Graves'  power  matrices  Gt  -  S-Si . 

Using  the  fact  that  the  variables  zft) 
are  uncorrelated  we  obtain  the  expansion 


s(o®s\o= £zl(Oz;co(si®s;)  ->  <s(t)®s\o>=fjxl(s,®s;)=YJxiKl, 


U= 1 


/=1 


TaK,  HTO 


and  therefore 


/=! 


me 


with 


K',=  X-Q\S,®S])Q'  =X-Q’K,Q\ 
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T.e.  MaTpmja  KeHHO  hbjihctcji  cyMMOH  4  3Jie- 
MeHTapubix  MaTpwu  KeHHO  TOHeHHbix  uejieM  c 
BecaMH  Xr 

B  3T0M  paSoTe  mm  noKa3ajiH  rJiy6oKyio  CBH3b 
Mex^y  MaTpMuaMH  £(0,  Ke,  K  u  C. 


i.e.,  the  Kemiaugh  matrix  is  the  sum  of  4 
elementary  Kennaugh  matrices  of  point 
targets  with  weights  X.. 

With  this  analysis,  we  have  shown 
the  intimate  connection  between  the 
matrices  S(t ),  Ke,  K  and  C. 
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Use  of  Orthogonal  LFM  and  PSK 
Signals  in  Polarization  Radars  with 
Simultaneous  Measurement  of 
Backscattering  Matrix 
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In  the  paper,  comparative  analysis  of  vector 
radar  signals  formed  by  two  PSK  signals 
(with  phase  code  modulation  by  orthogo¬ 
nal  M-sequences)  and  LFM  signals  (with 
up-going  and  down-going  frequency  modu¬ 
lation)  is  performed .  The  signals  are 
considered  to  be  suitable  for  simultaneous 
estimation  of  polarization  and  coordinate 
parameters  of  radar  objects  in  a  Complete 
Polarization  Analysis  Radar  (CPAR). 
The  main  vector  signals  characteristic  is 
their  matrix  ambiguity  function 


1.  BBeflemie 


1.  Introduction 


Oahhm  H3  nepcneKTHBHbix  mcto^ob  ouchkh 
MaTpHUbi  o6paTHoro  paccenHHa  (MOP)  npo- 
CTpaHCTBeHHo-pacnpeaejieHHbix  HecTaSpuibHbix 
o&betciDB  HBJiHerca  Meroa,  nojiHoro  nojrapH3auH- 
OHHoro  30H£Hp0BaHHfl,  KOTopbiH  o6ecneHHBaeT 
oaHOBpeMeHHoe  H3MepeHHe  Bcex  aerbipex  3JieMen- 
tob  MOP.  3tot  Meroa  ocHOBbiBaerca  Ha  oaHOBpe- 
MeHHOM  H3JiyHeHHH  aByX  KOMlTIOHeHT  BeKTOpHOrO 
cHmana  c  oproroHanbHbiMH  nojiapH3auHOHHbiMn 
coctohhhhmh  h  o^HOBpeMCHHOM  npneMeaByx  nap 
pacceaHHbix  cHraanoB  ochobhoh  h  Kpocc-nojia- 
pM3auHH.  npH  3tom  oproroHajibHbie  no  nojiaprm- 
UHM  KOMnOHeHTbl  nOTOKa  H3JiyqeHMH  OAHOn03H- 
HHOHHOM  PJIC  (JxipMHpyiOTCa  npH  nOMOlIXH  flByX 
CHTH3JIOB,  OprorOHaJIbHblX  BO  BpeMeHH  [1,  2]. 

M3Becnio  aocraTOHHo  6ojibinoe  KOJinuecTBO 
OpTOrOHaJtbHblX  cJjyHKUHft,  KOTOpbie  4>OpManbHO 
npHMeHHMbi  mn  4>opMHpoBaHna  oueHKH  MaT- 
pHijbi  pacceHHHa  yKa3aHHbiM  Bbirne  cnocoSoM. 
Tlpn  3TOM  cymecTByeT  npo6;ieMa  onTHMajibHo- 
ro  BbiSopa  opToroHajibHbix  CMmajioB. 


One  of  the  perspective  methods  of 
backscattering  matrix  (BSM)  estimation 
of  non-stable  spatially  distributed  radar 
objects  is  the  full  polarization  sounding, 
which  provides  simultaneous  measure¬ 
ment  of  all  four  BSM's  elements.  The  me¬ 
thod  is  based  on  simultaneous  radiation 
of  two  orthogonally  polarized  signals  and 
simultaneous  reception  of  co-  and  cross¬ 
components  of  the  scattered  signal.  The 
orthogonally  polarized  components  of  the 
sounding  signals  are  formed  in  mono¬ 
static  radar  with  the  use  of  a  pair  of  time 
orthogonal  signals  [1,2]. 

There  are  many  orthogonal  functions, 
which  are  nominally  applicable  for 
backscattering  matrix  estimation  by  the 
method  above.  At  the  same  time,  there  is 
a  problem  of  the  optimal  choice  of  ortho¬ 
gonal  signals. 


2.  TeopHfl  2.  Theory 

fljia  H3jiynaeMoro  paanojioKaimoHHoro  cnr-  For  radiated  narrow-band  radar  signal 
Hajia  (ana  KOTOporo  umpuHa  cneicrpa  ropa3ao  (when  spectrum  width  is  much  less  than 


ffpimeHeHue  opmoeoHcuibHbix  JIHM  u  &KM cuznafioe  ... 


Me  h  bine  He  cyme  h  uacTOTbi),  <J>opMHpyeMoe  b  carrier  frequency),  far-field  zone  electro- 
najibHen  30He  ojieicrpoMarHHTHoe  (3M)  none  mo-  magnetic  (EM)  field  can  be  written  as  the 
xeT  6bHb  onHcaHo  b  Bnae  Beicropa  fl^coHca  -  Jones  vector  through  its  projections  on 
qepe3  ero  npoeKUHH  Ha  opTbi  b  BbibpaHHOM  no-  the  chosen  polarization  basis  orths 
JIHpH3aiXHOHHOM  6a3Hce 


^2(^5 


(1) 


me  !,(/,«),  X.2(/,co)  -  y3KononocHbie  KOMiuieK-  where  1,(^0)),  X2(r,co)  are  narrow-band 
CHbie  4>yHKUHH,  onHCbiBaromne  nacTOTHO-Bpe-  complex  functions  describing  time- 
MeHHyio  cTpyKTypy  opToroHajibHbix  no  nojmpH-  frequency  structure  of  the  orthogonally 
3au,HH  KOMnoHeHT H3JiyuaeMoro  cumajia  u,(/,o).  polarized  components  of  u ,(/,©)  signal. 

OrpcOKeHHbiH  ot  TOueuHoro  obneicTa  cnmaii,  Signal  scattered  by  point  radar  object 
moxcho  3anwcaTb  b  BHAe  MaTprmHoft  cBepTKM  can  be  written  as  the  matrix  convolution 


ur(f,a>)  =  G(/c,fi)u,(f,co)=  JjG(x,Q)u,(/-T,co-o)c?T(in  (2) 

r^e  G(t,n)  -  MaTpHMHaa  <J>yHKUHH  onoiHKa  where  G(x,  n)  is  a  matrix  responce 
(M<I>0)  TOHeHHoro  ob^eicra  [2].  function  (MRF)  of  point  object  [2]. 

fljiH  obmero  cjiynaa  ABHaceHna  oSBeicra  c  In  general,  the  MRF  of  a  point  object 
pa^najibHOM  CKopocTbio  V,  ero  MOO  mojkho  moving  with  xadial  velocity  V  at  a  dis- 
3anncaTb  b  BH/ie  tance  D  can  be  written  as 


G(x,  n)  =  5(x0, fi0)  •  S  =  5(x0,  n0)  •  S"  f  ,  (3) 

_*-*21  *“>22  _ 

me  S  —  MaTpHira  o6paTHoro  paccenHHfl  o6T>eK-  where  S  is  the  object's  scattering  matrix, 
Ta,  t0“2 D/c  -  BpeMH  3anep)KKH  npHHBToro  cwr-  x0=2  D/c  is  a  time  delay  of  the  received 
Hajia  ur  oTHOCHTejibHO  H3JiyueHHoro  u t  (D  ~  signal  ur  relatively  to  transmitted  signal 
u,ajibHOCTb  ao  obteKTa),  a  Q0—2V/X0  —  Aomie-  u/  ( D  is  the  distance),  Qq=2V/X0  is  the 
pOBCKoe  cMeureHHe  uacTOTbi  oTpaxceHHoro  cwr-  Doppler  frequency  shift  due  to  the  object 
Hajia,  o6ycjioBJieHHoe  paAHaribHOH  cxopocTbio  motion  (c  is  velocity  of  light,  X0  is  the 
ofrbeicra  (c  -  cKopocrb  cb era,  \  -  /uiHHa  bojihm  signal's  wavelength).  The  matrix  responce 
na^ajornero  nojra).  MaTpHHHaa  (fcyHKHHH  otkjih-  function  is  an  expansion  of  the  back- 
xa  ecTb  pa3BHTHe  noHATHfi  MaTpHUbi  obpaTHoro  scattering  matrix  notion  for  the  case  of 
pacceHHHa,  pacnpocTpaHeHHoe  Ha  npomaceH-  extended  (time-dependent)  moving 
Hbie,  ABHacymnecfl  (HecTaiwoHapHbie)  paAHo-  radar  objects  [2]. 

AOKauHOHHbie  o6i>eKTbi  [2]. 

npoueaypa  nacTOTHO-BpeMeHHOH  BeicropHOH  The  procedure  of  time -frequency 
cBepncH,  oSecneHHBaiomaa  ommiajibHbiM  npHeM  vector  convolution  providing  the  optimal 
CHFHajioB  (no  KpHTepnio  MaKCHMajibHoro  oTHOiue-  signal  reception  (by  maximum  signal-to- 
hhh  «cwrHaii/uiyM»),  onHCbmaerca  BbipaaceHHeM  noise  ratio  criterion)  can  be  described  as 

ur  (f ,  co)  o  u*  (/,  co)  =  JJur  (/  -  t,  co  -  Q)  ®  uj  (t,  Q)dxdQ  (4) 

me  °  —  3H3K  BeKTOpHOH  CBepTKM,  <S>  —  3HaK  yM-  where  signs  ° ,  ®  and  t  denote  vector 
HoxceHHH  no  KpoHexepy,  t  —  opMHTOBoro  co-  convolution,  Kronecker  multiplication, 
npHHceHHfl.  and  Hermitian  conjugation. 

McnoAb3ya  BbipaaceHHe  (2)  h  (4),  noAyuaeM  Using  (2)  and  (4),  we  get 

ur(/,  co)  o  U*  (/,  co)  =  G(t,  Q)  u,  (/,  co)  o  U*  (f,  CD)  =  G(x,  Q)  X(t,  Q)  =  J(f,  co)  (5) 

x(t,n) 
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Phc.  1.  npHMep  MaTpHHHOH  (hyHKHHH  OTKJiHKa  G(x,fi)  ToaeHHoro  o6beKTa, 
3a^aHHOH  Ha  iijiockocth  «BpeM5i-MacTOTa» 

Fig,  1.  Example  of  the  matrix  response  function  G(x,fi)  of  a  point  object 
presented  on  «time-frequency»  plane 


MaTpHita  J(/,co)  ecTb  o6o6meHHan  c{)yHK-  The  matrix  J(/,co)  is  a  generalized 
Uhh  B3awMHOH  Koppejinumi  H3JiyneHHoro  h  npn-  correlation  function  of  transmitted  and 
HEToro  BeKTOpHbix  CHrHauoB  w  ABJiaeTCH  oueH-  received  vector  signals  and  serves  as 
koh  J(t,co)=  G(t,  q)  MOO  pa^wojtoKauHOHHoro  estimate  of  the  MRF  J(t,©)=  G(t,q)  and, 
oSbeKTa,  a  cjieaoBaTejibHo  w  MOP  [2].  therefore,  BSM  of  a  radar  object  [2]. 

MaTpnua  X(x,Q)  b  BbipaxeHHH  (5),  koto-  In  general,  the  matrix  X(t,Q)  in  (5), 
paa  b  o6ineM  cuyuae  MoxeT  6biTb  3anncaHa  KaK  which  can  be  written  as 


X(t,  fi)  =  u,  (/,  co)  °  u)  (/,  co) 


X12(x>nf 

5C2i(^n)  X22(*>0), 


(6) 


h  ecrb  Mampuna  neonpedenenHocmu  30HAHpyiomero  is  called  the  ambiguity  matrix  of  the 
BeicropHorocHrHaaau^O^eMeHTbiMaTpHUbiXjp  X22  sounding  vector  signal  ur  The  matrix 
HBJifliOTCfl  o6o6meHHb!MH  aBT0K0ppeji53UH0HHbi-“  elements  xn,  X22  are  the  generalized  auto- 
MII  4»yHKUHHMH,  x21,  Xl2  ~  <>6o6meHHbie  B3aHM-  correlation  functions,  and  x21,  X12  are  the 
Hbie  KOppejiHUMOHHbie  4>yHKUHH  oprroroHajibHbix  generalized  cross- correlation  functions  of 
KOMTioneHT  X{ (/,co) ,  12(/,cd)  H3JiyneHHoro  cnmana  orthogonal  components  X,(/,co),  X2(/,<o) 
u.  MaTpnna HeonpeAejieHHOCTH  X(x,Q)  xapaKTe-  of  the  signal  u,.  The  matrix  X(x,Q)  cha- 
pn3yeT  TOJibxo  BeKTOpHbin  cHTHaji  ur  h  onpe#e-  racterizes  the  vector  signal  u,  only  and 
jineT  ero  npnroaHocTb  runt  cobmccthoh  oneHKH  determines  its  applicability  for  simulta- 
MaTpHUbi  pacceflHHfl  obbeKTOB  w  hx  Koop^HHaT-  neous  estimation  of  radar  objects'  BSM 
Hbix  napaMeTpOB.  and  their  coordinates. 

PaccMaTpHBaa  <J)opMHpyeMyio  oueHKy  J(/,w)=  ^  Considering  the  estimate  J(7,w)= 

G(x,o)  b  nojiapH3auHOHHOM  6a3Hce  BeKTopa  uf,  G(x,n)  in  polarization  basis  of  u,,  the 
MaTpHuy  X(x,n)  moxho  npeacTaBHTb  b  anaro-  matrix  X(x,Q)  can  be  presented  in  the 
HajibHOM  BHjte  [3]  (cm.  (7)).  B  ypaBHeHHH  (7)  <})yH-  diagonal  fonn  [3]  as  in  (7).  Here  functions 
kumh  Xn,X22  ~  cobcTBeHHbie  $yHKUHH  X(x,Q),  Xn,X22  are  eigenfunctions  of  X(x,Q), 
nBnmomHecn  anTOKoppejinuHOHHbiMH  ^ymcnn-  which  are  the  autocorrelation  functions 
hmh  KOMnoneHT  (/,©),  X2 (/,©).  of  the  X{(t, co),  X2(t, oo)  components. 
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X(t,n)  = 


X.n(T,fi) 

0 


0 

X22(x,fi) 


(7) 


OqeBMAHO,  4T0  TOHHOCTb  <J)OpMHpyeMOH 
OUeHKH  MaTpHHHOM  <J)yHKUHH  OTKJIHKE  pa^HO- 
jioKauHOHHoro  oGbeicra,  onpeaejineTCH  cbom- 
ciBaMH  30H,aHpyK)mero  BeicropHoro  curHajia. 

B  HfleajibHOM  cjiyuae,  xoiyta  30H^HpyK>mHH 
CHrHaji  b  (6)  y^oBJieTBopaeT  coothoihchhio 

X(t,o)  =  8(0,0)-I, 


onepaTOp  J  b  (5)  bejibctcb  tohhoh  oueHXofi 
MaTpHHHOli  cJ)yHKUMH  OTKJIHKa,  a  3HaMMT,  no- 
3BOJIfleT  T04HO  OljeHHTb  ero  nOJIHpH3aUMOHHbie 
h  KOOpflHHaTHbie  napaMeTpbi,  nocxojibxy  b  stom 
cjiynae  HMeer  MecTO  paBeHCTBo[2] 


Evidently,  that  the  accuracy  of  the 
matrix  responce  function  estimate  of  a 
radar  object  is  determined  by  properties 
of  the  sounding  vector  signal. 

In  the  ideal  case,  when  the  sounding 
signal  in  (6)  satisfies  to  expression 


'\  0^ 
,0  1/ 


(8) 


the  operator  J  in  (5)  is  the  exact  estimate 
of  the  radar  object's  MRF,  and,  there¬ 
fore,  allows  to  precisely  estimate  its 
polarization  parameters  and  coordinates, 
since  in  that  case  [2] 


J  (r,  co)  =  G  (t,  ci)  5(0;  0)1  =G(x,n). 


(9) 


TaxuM  o6pa30M,  wn  xoppexTHOM  oueHKH  Thus,  the  correct  MRF  estimation  of 
MOO  ABHxymeroca  o6beicra  Heo6xo£HMO,  uto-  a  moving  object  requires  the  orthogonal 
6bi  opToroHajibHbie  cxajiapHbie  cnmajibi,  npn  scalar  signals,  which  form  the  time- 
noMomu  KOTopbix  (j)opMHpyeTca  uacTOTHo-Bpe-  frequency  structure  of  the  sounding 
MeHHaH  cTpyKTypa  opToroHajibHbix  KOMnoHeHT  signal's  orthogonal  components,  to 
30H^Hpyiomero  cnmajia,  ynoBJieTBopnjm  cjie-  .satisfy  to  the  following  requirements 
uyiomHM  TpeOoBaHHHM 

X, ,  (x,  n)  =  JJl,  (/  -  t,  co  -  n)  i]  (t,  <o)dtda  =  8(0,0); 

X22(x,n)  =  J|i2(r-x,(0-fi)i;(/,(0)^c/(0  =  8(0,0);  (10) 

X12(x,o)  =  x‘2,(-T:,n)=  (/  - 1,  co  -  n)  i'2  (/,  co)  dtd co  =0. 


Ha  npaxraxe  lUHpHHa  cnexTpa  vl  ,cuiHTejib- 
HocTb  30HAHpyiomero  CHraajia  Bceraa  orpaHH- 
ueHbi,  a  3HauHT,  HeT  curHajioB,  KOTopbie  6bi 
abcOJUOTHO  TOHHO  y^OBJieTBOpHJlH  3aaaHHbIM 
Tpe6oBaHHHM.  IIo3TOMy  aKTyanbHOH  BBJifleTcn 
3anaua  noncxa  opToroHajibHbix  cnrHajioB,  xo- 
Topbie  Morjiw  6bi  c  onpeaejieHHbiM  npn6jiH)Ke- 
HHeM  COOTBeTCTBOBaTb  3THM  TpeGoBaHHHM. 

K  TaKMM  cnrHajiaM  moxho  othccth  cjiox- 
Hbie  cumajibi  c  6ojibiuoh  6a3oii,  una  KOTopbix 
TA f  »  1,  me  T  -  &jiHTeJibHOCTb,  a  Af-  uih- 
pMHa  cneKTpa  cumajia. 

B  paboTax  [2]  h  [3]  OTMeuaeTca,  hto  zuih  xop- 
peKTHOM  OUeHKH  MaTpHHHOM  (fiyHKUMM  OTXnHXa 
oGbeicra  BaxHa  nneHTHMHOCTb  <J)yHxunM  X,  ,  (t,  Cl) 
M  X22(t,Q).  EcJIH  (J)OpMbI  3THX(hyHKUHM  HeHtfeH- 
THHHbi,  to  KoppeKTHaa  oueHKa  MaTpnubi  pac- 
ceHHHfl  ABHxymeroca  o6bexTa  HeB03MoxcHa, 


In  practice,  the  sounding  signals 
duration  and  spectrum  width  are  always 
limited.  It  means  that  there  are  no  such 
signals,  which  exactly  satisfy  the  requi¬ 
rements  above.  Therefore,  the  problem 
of  finding  the  orthogonal  signals  cor¬ 
responding  to  these  requirements  with 
the  specified  accuracy  is  very  important. 

Signals  with  a  large  TAf  product 
(TAf  »  1,  where  T  is  signal  duration, 
and  Af  is  its  spectrum  width)  can  be 
considered  as  the  desired  signals. 

It  was  noted  in  [2]  and  [3]  that  the 
functions  in(T,fi)  and  122(t,q)  should 
be  identical,  in  order  correctly  estimate 
MRF.  If  their  forms  are  not  identical,  the 
correct  BSM's  estimation  of  moving 
objects  becomes  impossible,  since  the 


174 


Use  of  Orthogonal  LFM  and  PSK  Signals  ... 


nocKOJibKy  oueHKM  sjieMeHTOB  nepBoro  m  bto- 
poro  ctoji6uob  MaTpmtbi  G(t,fi)  6yjsyr  <f)opMH- 
poBaTbca  b  pa3Hbix  3JieMeHTax  Ha  iijiockoctm 
«BpeMH-HacTOTa».  OueBwmo  TaioKe,  mo  npw  Ha- 
JIM4HM  HiyMOB  B  KaHajiaX  H  paBHOrO  HX  BJIH4HHH 
Ha  ToqHocTb  oueHKH  3JieMeHT0B  MOO  nHKo- 
Bbie  3HaneHHH  (Jjyhkhhh  A,u(T,n)  h  X22(t,q) 
xtojDKHbi  6biTb  paBHbiMH.  flj ia  peajiH3yeMbix  CHr- 
HajioB  yKa3aHHbie  TpeboBaHHH  onpe^ejimoTca  co- 

OTHomeHHeM  Xi ,  (t,  a)  =  x22  (t,  o)  ■ 


estimates  of  elements  of  the  first  and 
second  columns  of  the  matrix  G(x,o) 
will  be  formed  in  different  elements  on 
the  plane  "time-frequency".  It  is  obvious 
also,  that  peak  values  of  111(t,q)  and 
l^2(t,n)  should  be  equal  for  the  case  of 
equal  noise  level  in  the  channels.  For 
realizable  xadar  signals,  the  specified 
requirements  are  determined  by  relation 
5Cii(t,n)  =  x22(T,n). 


3.  Pe3yjibTaTbi 


3.  Results 


B  npouecce  paboTbi  6biJio  npoH3Be,aeHo  mhc- 
jieHHoe  MonejinpoBaHHe  MaTpnu;  Heonpe^ejreH- 
hocth  CHraanoB  c  npflMoyrojibHOH  orndaiomeH, 
CO  BCTpeUHbIMH  33KOHaMH  JIHHeHHOM  UaCTOTHOM 
MOflyjiauHH  (JIHM),  a  TaioKe  CHmanoB  c  (jmo- 
koaobom  MaHMnyjiHHHeH  (OKM),  Mo^yuMpoBaH- 
HblX  OpTOrOHajIbHblMH  M-nOCJie^OBaTeJIbHOCTOMH, 
m  npoBe^eH  hx  cpaBHHTejibHbin  aHajiH3.  npH  pac- 
ueiax  6buio  npHHmo,  mo  6a3a  BbibpaHHbix  cwma- 
jiob  paBHa  1023,  AiiHTejibHOCTb  cnrHajioB  7M  mc, 
iUIHHa  BOJIHbl  X0~3  CM. 


During  our  work,  numerical  simula¬ 
tion  of  the  ambiguity  matrix  of  waveforms 
having  rectangular  envelope,  counter  laws 
of  linear  frequency  modulation  (LFM), 
and  also  phase-shift  keing  (PSK)  signals 
modulated  by  orthogonal  M-sequences, 
has  been  made,  and  their  comparative 
analysis  was  carried  out.  In  calculations 
we  use  T-Af  product  of  the  choosen 
signals  equal  to  1023,  T~\  ms,  X0=3  cm. 


Phc.  2.  HopMHpoBaHHaa  MaTpuua  HeonpeflejieHHocra  X(i,Q)  OKM  curHaaoB, 
MoayjiHpoBaHHbtx  M-nocjieaoBaTejibHOCTaMH.  Ea3acHrHajia  1023, 
zuiHTejibHOCTb  CHraajra  T—\  mc 

Fig.  2.  Normalized  ambiguity  matrix  X(x,Q)  of  PSK-signals  modulated  by  M- 
sequences:  r-A/=1023,  T=  1  ms 


Ha  pHcyHKax  2  h  3  noKa3aHbi  HopMMpoBaH- 
Hbie  MaTpHHbi  HeonpertejieHHOCTH  BeicropHbix  cnr- 
HajioB,  ccJiopMHpoBaHHbix  Ha  6a3e  OKM  h  JT4M 
curHaaoB.  Bhuho,  mo  (JiyriKitHM  HeoripeziejieHHO- 
cth  OKM  CHmanoB  HMeioT  HroJibnaryio  (JjopMy. 
OTJIHHHe  OT  HyJUI  B3aHMHbIX  KOppejIfllJHOHHblX 


Figures  1  and  2  show  the  normalized 
ambiguity  matrices  of  vector  signals  based 
on  PSK  and  LFM  signals.  It  is  seen  that 
the  PSK  signals  ambiguity  functions  have 
a  "needle- like"  form.  The  non-zero  cross- 
correlation  functions  x2](^^) 
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(JjyHKUHii  Xi2(x>°)>  X2i(T>°)  MaTpHuw  Heonpe- 
AejieHHOCTH  noKa3MBaeT,  mo  BbibpaHHbie  napbi 
cwrHajiOB  He  BBJiflioTca  nojmocTbio  Heicoppejm- 
pOBaHHblMH  H3-3a  KOHCHHOft  6a3bl  CHrH3JIOB. 
HeHyjieBbie  boKOBbie  BbiSpocbi  aBTOKoppeJiauH- 
oHHbix  (J)yHKHHH  xn(T,n),  X22(x,n)  MacKHpy- 
k>t  cwmajibi  ot  cjia6bix  6jiH3KopacnojioxeHHbix 
uejieiL  riosTOMy  acejiaTeJibHO  orpaHHMHTb  ypo- 
BeHb  OCTaTKOB  flOnyCTHMOfi  MaBOfi  BejIMHHHOM. 
YpoBeHb  3thx  6okobmx  jienecTKOB,  a  TaioKe  ypo- 
BeHb  Bbi6pocoB  B3awMHOH  <})yHKUHH  Heonpeae- 
JieHHOCTH  3aBHCHT  OT  6a3bi  (c  yBeJIHHeHHeM 
KOTOpOfi  ypOBeHb  BblbpOCOB  CHH^CaeTCB)  H  BHaa 
MoayjiHpyiomeH  ko^obom  nocjie^oBaTeubHocTH. 
IloHCKH  JiyMuiHX  nocjieztoBaTejibHocTeft  koziob 
Be^yrcH  MHorwMH  cneuHajiHCTHMH  [4]-[6J. 


show  that  the  chosen  pairs  of  signals  are 
not  fully  uncorrelated  because  of  the  finite 
TAf  product.  Nonzero  side-lobes  of  the 
ambiguity  functions  Xi  1  (T»  °)  *  X22  (T*  °) 
mask  signals  scattered  by  close  "weak" 
targets.  Therefore,  it  is  desirable  to 
minimize  them  as  much  as  possible.  The 
side-lobes  level  and  also  the  cross-corre¬ 
lation  function  spikes  depend  on  the  T  Af 
product  (its  increasing  reduces  the  spikes 
level)  and  on  the  type  of  modulating  code 
sequence.  It  is  known  that  many  experts 
are  involved  in  searching  the  best  code 
sequences  [4]- [6]. 


Phc.  3.  HopMHpoBaHHaa  MaTpnua  HeonpeflejieHHOcTH  X(x,0)  JIHM  CHraajiOB  co 
BCTpeHHblMH  33KOHaMH  MOayjMUHH.  Ea3a  CHTHajia  1023,  /UlHTeJIbHOCTb 
cwruajia  T=\  mc 

Fig.  3.  Normalized  ambiguity  matrix  X(t,H)  of  LFM-signals  with  up-going  and 
down-going  frequency  modulation:  7A^=1023,  7=1  ms 


OyHKUHH  Heonpe^ejieHHOCTH  o^hhouhoto 
MMnyBbca  c  JIHM  c  npaMoyrojibHoft  onibaio- 
meft,  HMeiOT  HOKeBHflHyio  <j)opMy.  Ohm  HMeiOT 
OflHH  OCHOBHOM  TpebeHb  H  pflfl  AOnOJIHHTeJIb- 
HblX  boKOBbIX. 

Ha  pnc.  4  h  pnc.  5  npeflCTaBJieHbi  oueHKH 
MOO  G(t,o),  (fropMHpyeMbie  Ha  Bbixoaax  co- 
TJiacOBaHHblX  ({WJIbTpOB  npH  MCnOJIb30BaHHH 
OKM  cwmanoB  h  JIHM  cwraaiioB.  PaccMaTpH- 
BaeTCB  cjiynaM  PJI  obteicra,  Haxoflflmeroca  Ha 


The  ambiguity  function  of  LFM 
single  pulses  with  rectangular  envelope 
have  a  "knife-like"  crest  and  series  of 
additional  side  crests. 

Figures  4  and  5  show  MRF  estimates 
G(t,q)  formed  at  the  matched  filters 
outputs  for  PSK  and  LFM  signals.  The 
results  concern  a  moving  radar  object  at 
900  m  distance  with  30  mps  velocity. 
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pacCTOHHHM  900  M  H  flBHXymerOCH  CO  CKOpOC- 
tlk)  -30  m/c,  T.e.  HMeiomero  M<J>0 

G(t, Q)  =  5(t0  =  6|is,  Q0  =  -2 kHz)  ■  I 


Pmc.  4.  HopMHpoBaHHaa  (J)yHKiina  oTKJiHKa  J(/,oa)=  G(t,q)  comacoBaHHbix 
4>HJibTpoB  npw  HajiHTOH  b  30He  HafijnoaeHHJi  1  uejiH.  Cjiynaft  OKM- 
curaajioB,  6a3a  cnmajia  1023,  AnuTejibHocTb  cnrHajia  7=1  mc 
Fig.  4.  Normalized  response  matrix  J(/,g>)=G(t,q)  of  matching  filters  for  one 
radar  object.  PSK-signais  case,  7 A/^=1023,  7=1  ms 


Phc.  5.  HopMHpoBaHnaa  chyHKUMa  OTKJiHKa  J(/,o>)=G(x,n)  corjracoBaHHbix 
4)MJibTpoB  npw  HajiHHHH  b  30He  Ha6jnofleHHH  1  ae/iH.  CiiynaH  J1HM- 
CHmajioB,  6a3a  cnrHajia  1023,  amTejibHocTb  cnma^a  7=1  mc 
Fig.  5.  Normalized  response  matrix  J(/,co)=G(t,q)  of  matching  filters  for  one 
radar  object.  LFM-signals  case,  T-Af=  1023,  7=1  ms 
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IIo  cABHry  4>yHKUHft  HeonpeAeJieHHOcra  b 
4)OpMHpyeMbIX  OTKJIHKaX  Ha  T0  H  Q0,  MOXCHO 

onpeAeJiHTb  (HapAAy  o  noAapH3auHOHHbiMH  na- 
paMeTpaMH)  AaAbHOCTb  ao  oGBeicra  h  ero  cko- 

POCTb,  COOTBeTCTBeHHO. 

IlrojibHaTbm  bha  OH  OKM  cHrHanoB,  03- 
HaqaeT,  hto  otkahkh  Ha  bhxoag  (|)HAhTpoB, 
COrAaCOBaHHbIX  c  M3Ay4aeMbIMH  CHrHaAaMH, 
4>OpMHpyiOTCfl  OAHOBpeMeHHO.  nosTOMy  npH 
HcnoAb30BaHHH  OKM  cwrHanoB  bo3moxcho  oa- 
HOBpeweHHO  h  0AH03Ha4H0  (b  npeAeAax  3Ae- 
MeHTa  pa3pemeHHB)  onpeAeAHTb  AaAbHOCTb, 
CKOpocTb  (no  cABHry  (JjyHKHHH  HeonpeAeAeH- 
HOCTH  Ha  T0  H  Qq)  H  nOAflpH3aUHOHHbie  xapaK- 
TepHCTHKM  PJI  obbeicra  no  oTKAHKy  b  aio6om 
KaHane  (cm.  pnc.  4,  pnc.  6a). 

npH  npHMeHeHHH  JIHM  cnmaAOB  h  oaho- 
KaHaAbHoro  npweMa  hcbo3mo>kho  oAHOBpeMeH- 
Hoe  h  oAH03Ha4Hoe  onpeAeJiemie  paccTOAHHA  ao 
o6T>eKTa  n  ero  cKopocm  (t0  h  O0).  CwemenHe 
cJjyHKHHH  HeonpeAeAeHHOCTH  no  och  BpeMeHH 

woxceT  6biTb  HHTepnpeTHpoBaHo  KaK  cMemeHne 
no  och  nacTOT  (h  HaobopoT).  WcnoAb30BaHHe 
AByxKaHaabHoro  npneMa  c  cjMAbTpaMH,  coot- 

BCTCTBeHHO  COrAaCOBaHHbIMH  C  H3MeHeHHHMH 
qaCTOTbl  BBepX  H  BHH3,  AaeT  B03MOXHOCTb  co- 
BMecTHoro  onpeAeAeHHB  AaAbHOCTH,  cKopocra 
m  noAHpH3aunoHHbix  xapaicrepHCTHK  o6T>eKTOB 
(CM.  PMC.  6b),  HO  TOAbKO  npH  HaAHAHH  OAHOH 
UeAH  B  30He  Ha6AK)AeHHA. 


Along  with  polarization  parameters, 
the  ambiguity  functions  shifts  t0  and  Q0 
in  the  formed  responces  allow  to  deter¬ 
mine  the  object's  distance  and  its  velocity, 
correspondingly. 

The  "needle-like"  form  of  the  ambi- 
guiuty  function  of  PSK  signals  implies 
the  simultaneous  formation  responses  at 
the  matched  filters  outputs.  Because  of  this 
the  use  of  PSK  signals  allows  to  simul¬ 
taneously  and  unambiguously  measure 
range,  velocity  (by  shifts  t0  and  Q0)  and 
polarization  characteristics  of  radar 
objects  by  responce  in  any  receiving 
channels  (see  Fig.  4,  Fig.  6a). 

In  the  case  of  LFM  sounding  signals 
and  single-channel  receiver,  it  is  impos¬ 
sible  to  simultaneously  and  unambigu¬ 
ously  measure  range  and  velocity  (t0  and 
O0).  Shifting  the  ambiguity  function  along 
time-axis  may  be  interpreted  as  a  shift 
along  frequency-axis,  and  vice  versa. 
Using  the  two-channel  receiver  with 
filters  matched  with  up-going  and  down¬ 
going  frequency  laws  allows  to  jointly 
determine  range,  velocity  and  polari¬ 
zation  parameters  (see  Fig.  6b)  only  for 
one  radar  object  in  observation  area. 


Pnc.  6. 

Fig.  6. 


►BMecTHoe  onpcneiieHHe  noJwpHaauHOHHHX  h  KOopflitHaxHbix  napastexpoB  1  uejin  no 
MBM  (ypoBeHb  0.5)  <J>yHKnnfl  OTKJiHKa  J(f,0))=G(T,n)  coniacoBaHHbix  ^rpoB.  a) 
KM  cnmajibi,  b)  JIMM  CHmajibi  (6a3a  cmnajia  1023,  flmtxejibHocxb  cHmaJia  T  mc) 
int  estimation  of  polarization  and  coordinate  parameters  of  one  radar  object  by  response 
action  J((,u>)=G(x,n)  cuts  (0,5  level)  of  matching  filters  for  case  of  PSK-signals  (  ) 
d  LFM -signals  (b)  (r-A/^1023,  T=l  ms) 
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Ha  pHC.  7  h  pHC.  8  npe^cTaBJieHbi  oneHKH 
G  (t,Q)  ,  (J)opMHpyeMbie  Ha  Bbixo^ax  corjiacoBaH- 
HblX  (J)HJIbTpOB,  npH  HCn0JIb30BaHHH  OKM  cwr- 
HajioB  h  JIHM  cwrHajioB,  ajih  jpsyx  pa^HOJioKa- 
UHOHHbix  o6*beKTOB  A  w  B,  Haxo#nuHxcfl  Ha 
paCCTOBHHH  900  H  750  M  H  ABHacymHXCfl  CO  CKO- 
pOCTbK)  -30  H  60  m/c,  COOTBeTCTBeHHO.  T.e.  HMeiO- 
niHX  MOO 


Figures  7  and  8  show  estimates  of 
G(t,0)  at  the  matched  filters  outputs 
for  PSK  and  LFM  signals  and  radar  scene 
with  two  objects  A  and  B  at  900  m  and 
750  m  distances  and  moving  -30  and  60 
mps,  correspondingly.  In  this  case  we 
have  the  following  MRF 


G(t,Q)  =  8(t0  =  6pj,  Q0  =-2*flz)-I  +  8(-c0  =5(xs,  fi0  =4kHz)- 1 


Phc.  7.  HopMHpoBaHHaa  4>yHKUHJi  OTKJiMKa  J(r,0))=G(t,fi)  corjiacoBaHHbix 

(J)HJibTpoB  npH  HajiHHHH  b  30He  Ha6jnoaeHna  2  uejieft.  OiynaH  OKM- 
CHrnajioB 

Fig.  7.  Normalized  response  matrix  J(/,o)=G(x,n)  of  matching  filters  for  two  radar 
objects.  PSK-signals  case 


Ecjih  Ha  BXo,ae  npHeMHbix  ycTpoftcrB  PJIC 
npHcyTCTByioT  cnmajibi  ot  HecKOJibKHx  /tBM^cy- 
mHxca  nejieM,  HaxojwmHxcB  b  pa3Hbix  ajieMeH- 
Tax  pa3pemeHH«  no  flajibHocra  h  ckopocth,  to 
b  cjiynae  Hcnojib3oBaHHa  JIHM  cHmaaoB  4>yH- 
KUHH  OTKJ1HKOB  3HaHHTejIbHO  yCJIOXHfllOTCH  H 
coBMecTHoe  onpeziejieHHe  aa^bHOcra  h  ckopo- 
cth  (a,  cjieaoBaTejibHo,  h  nojiHpH3auHOHHbix 
XapaKTepHCTHK)  PJI  o6T>eiCrOB  CTaHOBHTCH  He- 
B03M05KHbIM  (pHC.  9b).  Bo3HHKaeT  HeO^H03HaH- 
HocTb,  h  b  pe3yjibTaie  no/to6Hbiw  cabmt  <j)yHKUHii 
Heonpe,ae;ieHHocTH,  o6ycjioBJieHHbiH  HajwuneM 
yKa3aHHbrx  ue/ren  Aw  B,  mojkho  HHrepnpeTHpo- 
BaTb  KaK  npucyTCTBue  coBepmeHHO  hhhx  nejieH 
C  (t0=2,5  mkc,  O0=l,5  kTu)  w  D  (t0=8,2  mkc, 
f20=8,2  kITj),  xoTopbix  Ha  caMOM  joiejie  He  cy- 
mecTByeT.  npH  Hcnojib30BaHna  OKM  cnrHajioB 
3Ta  npo6;ieMa  He  B03HHKaeT  (pnc.9a)  h  oueHKa 
npOH3BOaHTCH  KOppeKTHO. 


In  the  case  of  radar  reception  of 
LFM  signals  scattered  by  several  moving 
targets,  which  are  in  different  range  and 
velocity  resolution  cells,  the  response 
functions  become  considerably  compli¬ 
cated.  Thus,  the  simultaneous  estimation 
of  range,  velocity  (and,  therefore,  polari¬ 
zation  characteristics)  becomes  impossible 
(Fig.  9b).  There  appears  an  ambiguity,  so 
that  the  shift  of  the  ambiguity  functions 
due  to  A  and  B  targets  may  be  interpreted 
as  a  presence  of  another  non-existent 
objects  C(t0=2,5  ps,  no=l,5  kHz)  and 
£(t0=8,2  ps,  £20=8,2  kHz).  This  problem 
does  not  appear  while  using  the  PSK 
signals  (Fig.  9a),  and  parameters 
estimation  is  done  correctly. 
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npuMeneHue  opmoeoHcuibHbtx  JIHM  u  0KM cueHcuioe  ... 


rioflpo6Ho  oco6eHHocTM  HcnoJib30BaHHH  Peculiarities  oftheLFM  signals  using 
jmM  cwmanoB  iioapo6ho  paccMorpeHbi  b  [7].  were  considered  in  details  in  [7]. 


Pile.  8.  HopMHpoBaHHafl  (JjyHKUHH  onoiHKa  J(/,o)-G(t,o)  coniacoBaHHbix 

(JjHJibipoB  npn  HajiHMHH  b  30He  HafijnoAeHHH  2  uenefi.  Cjiynaii  OTM- 
cwrHajiOB 

Fig.  8.  Normalized  response  matrix  J(/,©)=G(t,o)  of  matching  filters  for  two  radar 
Objects.  LFM-signals  case 


Pup.  9.  CoBMecTHoe  onpej^e^eHrte  nojiapH3aiiH0HHbix  h  koopah h aTH bix  napaMeTpoB  2  uejieft  no 
cpe3aM  (ypoBeHb  0.5)  (j>yHKUHft  orjcjiMKa  J(f,co)=G(T,  q)  coniacoBaHHbix  <J)*uibTpoB.  a) 
<t>KM  cHraaiibi,  b)  JIHM  cHraamu 

Fig.  9.  Joint  estimation  of  polarization  and  coordinate  parameters  of  two  radar  objects  by  response 
function  J(r,©)-G(x,fi)  cuts  (0,5  level)  of  matching  filters  for  case  of  PSK-signals  (a) 
and  LFM-signals  (b) 


Use  of  Orthogonal  LFM  and  PSK  Signals  ... 


JlHTepaTypa  References 

[1]  D.Giuli,  M.Fossi,  L.Facheris,  "Radar  target  scattering  matrix  measurement  through 
orthogonal  signals",  IEE  Proceedings- F,  Vol.140,  N94,  August  1993 

[2]  XnycoB  B.A.  Teopiw  h  MeTo^ti  nepBuq-  [2]  Khlusov  V.A.  Theory  and  methods  of 

hom  o6pa6oTKH  cnrHajioB  b  y3KonoJioc-  primary  signals  processing  in  narrow- 

Hbix  noJiBpH3auHOHHbix  PJIC.  ^oktopc-  band  polarization  radars.  Doctor  of 

Kan  jiyi c cepTaiiHH  (roTOBHTca  k  3amHTe)  Tech.  Sci.  Thesis  (prepared  to  defence) 

[3]  "Back-grounding  of  the  necessity  and  working  out  the  methods  of  simultaneous 
estimation  of  non-stable  objects  BSM",  Report  IS  03021,  IRCTR-SB,  Tomsk,  2003 

[4]  D.V.  Sarwate,  M.B.  Pursley,  "Crosscorrelation  properties  of  pseudorandom  and  related 
sequences",  Proc.  IEEE,  1980,  68,  pp.593-620 

[5]  J.W.  Taylor,  H.J.  Blinchikoff,  "Quadri phase  code  -  a  radar  pulse  compression  signal 
with  unique  characteristics",  IEEE  Trans.,  1988,  AESS-24,  pp.156-170 

[6]  K.V.Rao,V.U. Reddy, "Biphase  sequence  generation  with  low  sidelobe  autocorrelation 
function",  IEEE  Trans.,  1986,  AESS-22,  pp.  128-133 

[7]  "Concurrent  measurements  of  the  elements  of  the  scattering  matrix".  Report  IS  02038, 
IRCTR-SB,  Tomsk,  2002 


181 


HMHTauHOimoe  MO/jejnipoBaHHe  Simulation  of  the  Iterative 

HTepauMOHHOM  npooe,ziypbi  Procedure  for  Side  Lobes 

nojiaBJieHHfl  Sokobmx  jienecTKOB  Suppression  of  Compound 

cjio%Hbix  cHmaJiOB,  oTpaatemibrx  ot  Signals  Reflected  from 

npocTpaHCTBeHHO-pacnpe^eJieHHbix  Spatially  Distributed  Radar 

paAHOJiOKanHOHHbix  o6i>eKTOB  Objects 

r.n.  Ba6yp,  B.A.  Xjiycos  G.P.  Babur,  V.A.  Khlusov 

M oxay uapoaH biM  HccaeaoBaTejibCKjm  ueHTp  International  Research  Centre  for 

TejieKOMMVHHKauHH  H  paaHOJioKauHH  -  chGhpckoc  Telecommunications-transmission  and  Radar 
oxaeJieHHe,  IRCTR-SB  TUCSR  “  Siberian  Branch,  IRCTR-SB  TUCSR 

Tea.:  (3822)  413-562,  E-mail:  rirs_pol@ngs.ru  Tel:  (3822)  413-562,  E-mail:  rirs_pol@ngs.ru 

Pocchh,  634050,  Tomck,  np.  JleHMHa  40  Lenin  Ave.  40,  634050,  Tomsk,  Russia 

Ha  ocHoee  anpuoptibix  3hohuu  o  eude  rpywcuuu  An  iterative  procedure  for  processing  of 

neonpede/ienHocmu  imyuaeMoeo  cuenana  paccstam-  signal  reflected  by  spatially  distributed 

pueaemcn  umepanuounaa  nponedypa  o6pa6omKU  object  and  observed  against  receiver  noise 

cmuana,  ompaorcemozo  om  npocmpancmeemo-  is  considered  on  the  basis  of  a  priori  know- 

pacnpede/ieHHoeo  obhexma,  Hab/itodaeMoeo  na  (pone  ledge  on  the  ambiguity  function  of  radiated 

codcmeewibix  myMoe  npueMnuica.  Hcnojib3oeamie  signal.  The  given  procedure  using  allows 

damiou  npouedypu  no3eomem  cymecmeeuno  chu-  to  considerably  decrease  influence  of  the 

3umb  enumue  doKoebix  nenecmKoe  (pywcuuu  neo-  radiated  signal's  ambiguity  function  side- 

npedejieHuocmu  u3JiyHemo20  cuznana  e  3adane  na-  lobes  while  observing  small-sized  target 

bnfodeniLR  MOAopa3Mepuou  ueau  e  npucymcmeuu  in  the  presence  of  a  target  with  more  radar 

menu  c  dojibmou  orpipeKmuenoii  noeepxuocmbfo  pac-  cross  section.  In  the  paper,  the  results  of 

comma.  B  pabome  npueodamca  pe3y/ibmambi  mo-  the  procedure  simulation  for  sounding  PSK 

deAupoeauun  yKasauHou  nponedypbi  o6pa6omm  dm  signal  case  are  presented, 

c/iynan  3oudupytomeeo  &KM-cuenaJia. 

1.  IIocTaHOBKa  3a/tauH  1.  Problem  statement 

CoBpeMeHHbie  TpeboBaHna  k  UHHaMHuecKOMy  The  modern  requirements  to  the 
nwana30Hy  aMruiHTya  o6pa6aTbiBaeMbix  CHraaaoB  dynamic  amplitude  range  of  an  active 
aKTHBHoit  PJ1C  cocraBJUieT  BeaMHHHy  6onee  80  aB.  radars  signals  equal  to  more  than  80  dB. 
flpH  Hcnojib30BaHHH  cjioxHbix  30HanpyiomHX  in  the  case  of  compound  sounding  sig- 
cnn-iajioB  yica3aHHbie  TpeboBaHHa  BbinojiHHMbi  nals,  this  requirement  can  be  realized 
TOJibKO  aaa  oueHb  bojtbiiiHX  6a3,  npn  KOTopbix  only  for  very  large  T-Af  values,  which 
ypoBeHb  SoKOBbix  JienecTKOB  (JjyHKUHH  Heonpe-  provide  at  least  -80  dB  side-lobes  level 
aeJieHHOcra  (OH)  CHntaaoB  He  npeBbimaeT  Be-  of  the  ambiguity  function  (AF).  In  turn, 

jiHUHHbi  -80  aE.  npHMeHeHHe  tbkmx  CHFHajiOB  B  the  use  of  such  signals  is  very  time- 
cbokd  ouepeab,  Tpebyer  SoJibiiiHX  BbiMHCjiHTejibHbix  consuming  computational  procedure 
3aTpaT  npH  hx  aHHeiiHOH  c|)RabTpauHH,  hto  cy-  while  the  linear  filtering,  that  greatly 

mecTBeHHO  orpaHHUHBaer  bo3mo>khocth  hx  npaK-  limits  their  application  in  practice. 

THuecKoro  npHMeHeHHfl. 

B  CBA3H  c  3thm  oueBHaHa  aicryajibHocTb  Hccae-  So,  the  urgency  of  studies  connected 
aoBaHHii,  HanpaBJieHHbix  Ha  nowcK  bo3mo)*chocth  with  searching  the  ways,  which  could 
CHHJKeHHa  BJiHflHHH  6oKOBbixaenecTKOB  (EJI)  OH  decrease  the  influence  of  the  AF  side- 
cjio)KHbix  cwmanoB  3a  cueT  anpHopubix  3hbhhm  o  lobes  due  to  a  priori  knowledge  on  their 
BHae  hx  OH.  H3BecreH  paa  pa6oT  (HanpHMep,  [1,  ambiguity  functions  form,  is  evident.  It 
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2]),  B  KOTOpbIX  paCCM aTpHBaiOTCH  B03MO5KHOCTH 
HTepauHOHHoro  (reHeranecKoro)  ajiropHTMa  06- 
paSoTKH  cjiojKHoro  cHraajia  c  noHHxeHHbiM 
ypoBHeM  6okobwx  JienecTKOB  Ha  Bbixo^e  4>HJibT- 
pa  o6pa6oTXH  b  3ajiaHHOM  rmanaaoHe.  StJxJjeicmB- 
HOCTb  xaKoro  ajiropHTMa  b  3ajiaqe  HaSjHO/jeHHfl 
cna6bix  CHmajioB  Ha  tJ)OHe  moihhhx  pacnpe^e- 
jieHHbix  noMexoBbix  oTpaxeHHH  Ha  jiaHHbiH  mo- 
MeHT  H3yneHa  HeflocraTouHo  nojmo.  B  jiai-iHOM 
pa6oTe  MO/iejiHpyeTca  HTepaunoHHaji  npoue^ypa 
jiHHeftHOH  o6pa6oTKH  OKM-cnmajia  b  yxa3aH- 
hoh  b  3a^aqe  wu i  pa3jiHHHbix  cmyauHH,  oTpaxa- 
ioiuhx  peajibHbie  ycjioBHH  pa6orbi  PJIC. 


is  known  works  (for  example,  [1,  2]),  in 
which  possibilities  of  an  iterative  (genetic) 
algorithm  of  compound  signal  processing 
intended  for  decreasing  side-lobes  level 
at  the  processing  filter  output  (in  the 
given  range)  are  considerd.  However, 
the  algorithm  efficiency  while  obsrving 
weak  signals  against  severe  clutter  has 
been  studied  insufficiently.  In  the  given 
work,  the  iterative  procedure  for  linear 
processing  of  PSK  signal  is  modeled  for 
various  radar  scenarios  corresponding 
to  real  conditions. 


2.  OnwcaHHe  ajiropHTMa  MO^ejiHpoBaHHfl  2.  Simulation  algorithm  description 


B  KaqecTBe  MoaejiH  npoerpaHCTBeHHO-pac- 
npe^ejieHHoro  obbeicra  BbiSpaHa  coBOKynHOCTb 
He3aBHCHMbix  3JieMeHTapHbix  oTpaacaiejieH,  pac- 
nojioxceHHbix  Ha  pa3Hbix  jiajibHocTax  ot  tohxh 
H3jiyqeHHH  30HjiHpyiomero  cnmajia.  npH  otom 
OTpaxeHHbiii  cnrHaji  npe^cTaBjmeT  co6oh  ajwi- 
THBHyio  cyMMy  3JieMeHTapHbix  cnmajioB,  oTpa- 
xeHHbix  ot  xajxuoro  H3  OTpaxaTejien  MojiejiH,  h 
cjiyuaMHOH  xoMruiexcHon  noMexH  |(r) ,  o6ycjioB- 
JieHHOH  CoScTBeHHbIMH  (TerUIOBbIMM)  lnyMaMH 
npHeMHOH  cHdeMbi.  KojiHueciBo  ojieMeHTapHbix 
oTpaacaTejieft,  a  Tax  ace  pacnpejiejieHHe  hx  pajm- 
ajibHbix  cxopocren  h  xos^hiihchtob  obpaTHO- 
ro  OTpaxeHHH  (3IIP)  BBjiaioTca  napaMeTpaMH 
MonejiH.  xaacjioro  oTpaaceHHoro  cHraajia 
3a£aeTC5i  cjiyqaHHbin  (J)a30BbiH  cjiBHr.  3a,nepacxH 
cwraaiioB,  oTpaxceHHbix  ot  uejieft,  3ajiaioTC5i  xax 
(hyHXUHH  aajibHocTM.  CymHocTb  ajiropHTMa  ure- 
pauHOHHOH  npouejiypbi  xoMneHcauHH  BJI  cjiojk- 
Hbix  cHTHajiOB  3axjiK>qaeTCH  b  cjienyiomeM. 

Ha  nepBOM  3Tane  (jiopMHpoBajiacb  peajiH3a- 
UHH  OTpaaceHHoro  cnraajia  Sz(t) ,  onncbiBaeMan 
BbipaaceHHeM 


An  aggregate  of  independent  elemen¬ 
tary  reflectors  situated  at  different  dis¬ 
tances  from  point  of  the  sounding  signal 
radiation  was  chosen  as  the  model  of  a 
spatially  distributed  object.  In  that  case 
the  scattered  signal  is  an  additive  sum 
of  elementary  signals  reflected  by  each 
reflectors  of  the  model  and  random 
complex  interference  £(/)  caused  by 
intrinsic  (thermal)  noise  of  the  receiver 
system.  The  model  parameters  are  num¬ 
ber  of  the  elementary  reflectors,  values 
of  their  radar  cross  section  (RCS)  and 
radial  velocities.  Every  scattered  signal 
is  characterized  by  random  phase  shift. 
Delays  of  the  scattered  signals  are  range 
dependent.  The  essence  of  iterative 
compensation  procedure  of  compound 
signals  sidelobes  can  be  stated  as  follows. 

At  the  first  stage,  a  time  sequence  of 
the  scattered  signal  Sz(t)  is  generated 
in  accordance  with 


Si(t)  =  ’ES,(0  =  So(t-tl)-ar  exp  {jQDt  +  <p,}  +  4(0  =  k,  (0  A  (/-/,.) +  4(0, 


1=1 


(1) 


me  ki  (t)  —  xoMiuiexcHbiH  xo3<Jxi)HimeHT  OTpa- 
jxeHHH  H3jiyqeHHoro  cnraajia  S0(t)  i-ro  orpaaca- 
Tejisi  MojrejiH  o6bexra  (a.  —  aMnjiHTyoHbiH  xo3<h- 
4>HHHeHT  oTpaaceHHH,  QD  —  AoruiepoBcxan  qacroTa 
3JieMeHTapHoro  OTpaacaTejw,  (p.  —  HanajibHaq  <J>a3a 
oipaaceHHoro  /- ro  cnmajia,  t  —  Bpewa  3ajiepacxH 
orpaaceHHoro  cum  ana  oraocHTejibHo  MOMeHTa  H3- 
jiyqeHHa  cnmajia  S0(r)),  £>(t)  ~  crauHOHapHbiH 
HopMajTbHbift  6e;ibiH  myM. 

C(J)opMMpoBaHHbiM  CHmaji  (1)  o6pa6aTbmaji- 
ch  (|)HJibTpoM,  coniacoBaHHbiM  c  uiHpHHOH  cnex- 
Tpa  H3JiyqeHHoro  cnmajia.  npH  npoxoaqieHHH 
nepe3  (})HJibTp  Sejibift  myM  craHOBHTCH  oxpameH- 


where  k.{f)  is  complex  reflection  co¬ 
efficient  of  the  radiated  signal  SQ(t)  of 
the  i-th  reflector  (a.  is  amplitude  reflec¬ 
tion  coefficient,  is  Doppler  frequency 
shift,  cp.  is  initial  phase  of  the  /- th  signal, 
t.  is  time  delay  relatively  the  radiation 
instant  of  S0(t)  signal),  ^(t)  is  stationary 
white  noise. 

The  signal  (1)  obtained  is  processed 
by  filter  matched  with  the  spectrum 
width  of  the  radiated  signal.  After  filte¬ 
ring,  the  white  noise  become  colored, 
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HbIM,  HHTepBaJI  KOppeJIHUHH  X^  COOTBeTCTByeT 
BejiMHHHe,  o6paTHOM  uiHpHHe  cneKTpa  H3jiyqeH- 
Horo  cnmajia. 

CHmaA  (1)  o6pa6aTbiBajic5i  4>MAbTpoM,  co- 
TJiacoBaHHbiM  c  H3AyueHHbiM  cjiojkhmm  cwraa- 
JIOM,  B  COOTBeTCTBH H  C  BbipaHteHHeM 


so  that  the  correlation  interval  tcor  is 
equal  to  value  inversly  proportional  to 
the  radiated  signal's  spectrum  width. 

Then,  the  signal  (1)  is  processed  in 
the  filter  matched  with  the  radiated 
compound  signal  as  follows 


jz(x,Q)  =  <  Sz(t)-S’0(t-T)-exp{jClt}  >.  (2) 


Onpe/ieJiHJiocb  3HaueHHe  Jmaxl  KOMnjieKCHOH 
aMmiHTyflbi  MaKCHMyMa  AByMepHOH  <J>yHKHHH 
oTKJiHKa  j£(x,Q)  H  ero  KoopAHHaTbi  QVX1  Ha 
nnocKocTH  <<BpeMA-qacTOTa>>.  OopMHpoBajiacb 
peanH3auHH 


At  the  next  step,  complex  amplitude  JmaxX 
of  the  maximum  of  2D  responce 
function  js(x5Q)  and  its  coordinates 
on  the  "time -frequency M  plane  are 
found,  and  the  sequence  is  generated 


ji(x,ci)  =  jma,l-<s0(.tys0(t-xl)-exp{jnit}>  =  jmaxrj0(.x-xx,a-nl),  (3) 


rae  j^T-TpQ-Q,)  -  fyynKuw  HeonpeaeneH- 
hocth  H3jryneHHoro  curHajia.  flajiee  4>opMHpoBa- 
jiacb  peajiH3aitH5i  b  cootbctctbhm  c 

BbipaxeHHeM 


where  j^x-x^Q-Q,)  is  the  ambiguity 
function  of  the  radiated  signal.  Then  the 
sequence  J2(x,  Q)  is  formed  in  according 
with  the  following  expression 


(x,  Q)  =  Js  (x,  Q)  -  (x,Q) . 


(4) 


OnpeaejiHJiocb  3HaueHHe  Jmax2  KOMnjieKCHOH 
aMnjiHTyabi  MaKCHMym  AsywepHOH  cf>yHKHHH 
OTKJiHKa  ^(x,^)  h  ero  KoopAHHaTbi  0,,x2  Ha 
TUIOCKOCTH  «BpeMH-HaCTOTa».  OopMHpOBaJIHCb 
peaJiH3aiiHH 


Further,  complex  amplitude  J  2  of  the 
maximum  of  2D  responce  function 
and  its  coordinates  Q,,x2  on 
the  "time-frequency"  plane  are  "found, 
and  the  sequence  is  generated 


j2(x,Q)-jmax2‘j0(T  x2,Q  ^2)> 
j Z2  (T,  Q)  =  (X,  £2)  “  J 2  (Tj  ^)* 


flna  peajiH3aiiHH  jZ2(x,Q)  tbk  )Ke  onpeAeJia-  Similarly,  maximum  value  Jmaxi  is 
jiocb  ee  MaKCHMajibHoe  3HaueHHe  JmaxV  <hopMH-  found  for  jS2(x,Q) ,  and  then  sequences 
pOBajiHCb  peajiH3auHH  j3(x,Q),  j23(x,Q)  h  t.a.  J3(x,Q),  j23(x,Q)  etc.  are  determined. 

Ha  KaxcjxoM  n-oM  mare  HTepauHOHHow  npo-  The  mean  amplitude  aZn  of  the 

ueAypbi  npoH3BOAHJiacb  oueHKa  arn  cpe/meM  sequence  jj>,(x,Q)  is  estimated  for  each 
aMnAHTyAbi  peajiH3aiiHH  (x,  Q) .  HrepaiwoH-  «-th  step  of  the  procedure.  The  iteration 
Hbift  uhkji  npeKpamaACH  npw  AocTHxeHHH  3Ha-  cycle  is  over  when  aIn  equals  to  mean 
ueHHH  cr  BeAHHHHM  cpeAHero  3HaqeHHH  Ten-  thermal  noise  of  the  system,  which  is 
aobmx  uiywoB  cHCTeMbi,  KOTOpoe  3aAaBa;iacb  b  considered  as  one  of  the  model  para- 
moacah  OTpaaceHHoro  cHTHana  KaK  napaMeTp.  meter. 

TIo  OKOHnaHHH  HTepaiiHH  (J)opMHpoB3Aacb  After  the  iteration  ending,  the  ite- 
(f)yHKH,HH  OTKAHKa  «HTepaitHOHHoro»  (J)HAbTpa  rative"  filter  response  function  is  gene- 
b  cooTBeTCTBHH  c  BbipaxeHHeM  rated  in  the  following  way 


(6) 


rae  (hyHKUHB  Jq  noAyueHa  H3  (fryHKUHH  Heo-  where  function  is  obtained  from  the 
npeAeAeHHocm  H3JiyqeHHoro  CHTHana  nyreM  npH-  ambiguity  function  of  the  radiated  signal 
paBHHBaHHA  3HaueHHM  ee  r/iaBHoro  Aenecnca  Hyiuo.  by  putting  to  zero  its  main  lobe  value. 
TaKHM  o6pa30M,  b  anomKe  (6)  <arrepauHOHHoro»  Thus,  the  ambiguity  function  sidelobes 
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<J)HJibTpa  o6pa6oncH  KOMneHCHpoBaHbi  (c  a6co-  of  each  elementary  signals,  which  form 

jiiothoh  TomrocTbio  no  ypoBHH  uiyMOBon  nowe-  the  total  reflected  signal,  are  compensated 

xh)  6oKOBbie  jienecTKM  <FH  xaxyioro  H3  3JieMeH-  to  absolute  accuracy  of  the  noise  level  in 
TapHbix  cnrHajioB,  cyMMa  KOTOpbix  o6pa3yeT  the  "iterative"  filter  response  (6). 
coBOKynHbin  OTpaxceHHbiH  CHraaji. 

3.  Pe3yjn>Ta™  KOMnbiOTepHoro  3.  Simulation  results  of  the  iterative 

MOAejiHpoBaHHfl  HTepaiiMOHHoro  ajiropHTMa  algorithm  for  suppression  of 

no^aBJieHHH  EJI  cjkdkhmx  cnraanoB  compound  signal's  sidelobes 

B  paboTe  npHBeneHbi  pe3yjibTaTbi  MonejiHpo-  In  the  paper,  the  algorithm  simula- 
BaHHn  onncaHHoro  ajiropHTMa  HTepaunoHHOH  tion  results  are  presented  for  PSK  sig- 

o6pa6oTKH  wn  cjiynan  <3>KM  CHraanoB  c  6a3oii  nals  with  T-Af  =32.  The  results  are 

N=  32.  Pe3yjibTaTbi  MonejmpoBaHHH  npHBonHTcn  represented  in  3D  graphs  (Fig.  1  to  Fig.  4) 

b  Birne  TpexMepHbix  rpatJiHKOB  abcojnoTHoro  3Ha-  showing  modulus  of  the  "iterative"  filter 

qeHHfl  (hyHKUHH  OTKJiHKa  «HTepanHOHHoro»  response  function  at  every  step  of  the 

<J)HJibTpa  pjin  Kaxmoro  3Tana  riponenypn  b  3a-  procedure  for  the  given  time-and- 

ztaHHOM  uacTOTHO-BpeMeHHOM  HHTepBajie  3anep-  frequency  range  of  delays  and  Doppler 

xceK  h  ^oruiepoBCKHX  uacTor  n  npencTaBJieHbi  Ha  frequencies.  In  these  figures,  relative 

pnc.  1-4,  no  ocu  BpeMeHH  h  nacTOT  ouioxceHbi  values  are  depicted  along  time  and  freq- 

oTHOCHTeJibHbie  euHHHiibi  (oTcueibi).  JJjm  pa3-  uency  axes.  Software  model  of  a  radar 

jinuHbix  CHTyaunH,  oTpaxcaioiunx  peajibHbie  target  is  formed  for  different  scenarios 

ycjioBHB  pabOTbi  PJIC,  nporpaMMHo  cJiopMHpy-  of  the  real  radar  operation.  The  model 

eTcn  Mouejib  pannojioKauMOHHon  uejin.  IlapaMeT-  parameters  are  the  target's  range,  comp- 

paMH  Monejin  BBJimoTCH  uajibHocTb,  KOMruieKc-  lex  reflection  coefficients,  quantity  and 

Hbie  K03(h4)HirHeHTbi  OTpaxceHHH,  KOJinuecTBO  h  velocity  distribution  of  the  elementary 

pacnpenejieHHe  pannajibHbix  cKopocTen  3JieMeH-  reflectors,  and  system  noise  level. 
xapHbix  OTpaxcaTejien,  ypoBeHb  nxyMa. 

B  paboTe  paccMOTpeHO  ueTbipe  Monenn  pac-  Below,  four  models  of  a  distributed  ra- 
npenejieHHon  uejin.  dar  target  are  considered. 

Monejib  1  3anaHa  b  BHne  coBOKynHocra  He-  Model  1  is  an  aggregate  of  four  point 
Tbipex  oTpaxcaTejien,  abcojnoTHoe  3HaneHHe  reflectors  with  moduli  of  the  normalized 

HOpMHpoBaHHbix  Kos^i^HUHeHTOB  OTpaxceHHH  reflection  coefficients  equal  to  1;  0,5;  0,1; 

KOTOpbix  paBHbi  1;  0,5;  0,1;  0,05.  CnrHaji  Ha  and  0,05.  The  input  signal  Sz(t)  is  a  sum 

Bxone  iSs(/)  npencraBJineT  co6oh  cyMMy  cHTHa-  of  the  signals  scattered  from  the  four 

jiob,  oTpaxceHHbix  ot  neTbipex  uejiew  c  npoH3-  targets  with  arbitrarily  time  delays 

BojibHO  3ajnaHHbiMH  3anepxtKaMH  (paccTOHHHHMH  (ranges),  Doppler  shifts  (radial  velocities) 

no  nejieft),  nomiepoBCKHMH  cnBHraMH  (pannajib-  and  reflection  coefficients  (RCS  and  phase 

HbiMH  ckopoctomh)  h  K03<}>4>HUHeHTaMH  OTpa-  shift).  The  system  noise  is  considered  to 

xceHHH  (3F1P  h  <ha30Bbih  cnBHr).  ypoBeHb  mywa  be  zero. 
cHCTeMbi  paBeH  Hymo. 

B  MonejiH  2  3ananHM  nBa  orpaxaTejm,  coot-  Model  2  provides  for  two  reflectors, 
BeTCTBeHHO  cHTHaji  Ha  Bxone  CHCTeMbi  npen-  so  that  the  input  signal  is  a  sum  of  the 

CTaBJineT  cobon  cyMMy  CHTHan ob,  OTpaxceHHbix  signals  scattered  by  two  targets  with 

ot  £Byx  uejien  c  npoH3BOJibHo  3anaHHbiMH  3a-  arbitrarily  time  delays  (ranges),  Doppler 

nepxacaMH  (paccronHHHMH  no  nejieii),  noiuiepOB-  shifts  (radial  velocities)  and  reflection 

ckhmh  cnBHraMH  (panHajibHHMH  CKopocTHMM )  coefficients  (RCS  and  phase  shift).  The 

H  K03(h4)HUHeHTaMH  oTpcDKeHHH  (3IIP  h  $2i30-  moduli  of  the  normalized  reflection 

BbiM  cnBHr).  AbconiOTHbie  3HaneHHH  HopMHpo-  coefficients  are  equal  to  1  and  0,01.  It  is 

BaHHbix  K034)4)HUHeHT0B  oTpajKeHHH  paBHbi  1  supposed  that  the  noise  level  is  equal  to 

h  0,01.  YpoBeHb  rnyMa  3anaeTcn  Ha  ypoBHe  cna-  more  weaker  signal  at  the  system  input 

boro  cHTHana  Ha  Bxone  CHCTeMbi  (0,01).  (0,01). 

Monenb  3  3anaHa  b  BHne  coBOKynHocra  Tpex  Model  3  is  an  aggregate  of  three  point 
OTpaxcaTeneH,  abcojnoTHoe  3HaneHHe  HopMHpo-  reflectors  with  moduli  of  the  normalized 
BaHHbix  K03(h4)HirHeHT0B  OTpaxceHHH  KOTOpbix  reflection  coefficients  equal  to  1;  1;  0,1. 
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paBHbi  1,  1,  h  0,01,  ypoBeHb  rnyMa  3a^aerca  Ha 
ypoBHe  cjiaGoro  cnrHajia  Ha  BXOAe  CHCTeMbi 
(0,01).  Cnmaji  Ha  BXOAe  npeACTaBAAeT  co6oft 
cyMMy  cHrHanoB,  OTpaaceHHbix  ot  rpex  uejieft. 
Pa^najibHbie  ckopocth  h  4>a3bi  AByx  cnrHanoB, 
OTpaxceHHbix  ot  uejieH  c  SojibiiiHMH  3TIP,  oah- 
HaKOBbl.  PaCCTOAHHA  3a^aJlHM  TaKHMH,  HTO  TOUCH 
4>yHKHHH  Heonpe^ejieHHocTH  nepeKpbmaiOTca  bo 
BpeMeHH.  <Pa3a  h  paAHaAbHan  cxopocTb  cHraajia, 
orpaxeHHoro  ot  uejiH  c  Majiow  311 P  3a,aaHbi 
cnynafiHO,  paceroAHHe  no  uejin  3ajoiaHo  tbkhm 
o6pa30M,  hto  nHK  OH  CKpbiT  b  6okobmx  nenec- 
TKax  OH  6ojiee  cnnbHbix  cHTHajioB. 

MoAejib  4  oTJiHMaeTCH  or  moacjih  3  ahiub  TeM, 
mto  (|)a3bi  AByx  6ojiee  CHJibHbix  cnmaAOB  paBHOH 
aMnjiHTyAbi  (iihkh  (JjyHKUHii  HeonpeAeneHHoc- 
th  KOTopbix  nepeKpbiBaioTCfl  bo  BpeMeHH)  3aAa- 
iotca  cjiynattHo. 

Ha  pHc.  1  npeACTaaneHbi  pe3yjibTaTbi  aha  mo- 
AejiH  1.  noKa3aHbi  CHraajibi  npn  o6bmHOH  xop- 
pejiauHOHHOH  o6pa6oTKe  (pwc.  la)  h  nocjie  HTe- 
pauHOHHoft  o6pa6oTKH  (pwc.  lb).  Bhaho,  hto 
nocjie  o6pa6oTKH  ypoBeHb  Gokobwx  jienecTKOB 
(YBJI)  noHHXcaeTCA  no  ypoBHA  oiiih6kh  tohho- 
CTM  pacneTOB. 


The  noise  level  is  equal  to  more  weaker 
signal  at  the  system  input  (0,01).  The  input 
signal  is  a  sum  of  the  signals  scattered  by 
three  targets.  Radial  velocities  of  the  first 
two  targets  and  corresponding  phase 
shifts  are  the  same.  The  chosen  distances 
of  both  targets  provide  overlapping  of 
the  ambiguity  functions  peaks  in  time 
domain.  Phase  shift  and  radial  velocity 
of  the  third  target  are  random  values, 
its  distance  is  chosen  so  as  the  ambiguity 
function  peak  is  hidden  in  AF's  sidelobes 
of  more  strong  signals. 

The  only  difference  of  Model  4  from 
model  3  is  in  random  phases  of  two 
signals  scattered  by  larger  targets  (which 
peaks  of  the  ambiguity  functions  are 
overlapped  in  time  domain). 

Figure  1  shows  results  for  model  1. 
The  signals  after  the  correlation  pro¬ 
cessing  and  iterative  processing  are  shown 
in  Fig.  la  and  lb,  correspondingly.  It  is 
obvious  that  sidelobes  level  decreases  to 
calculations  error  after  processing. 


a)  b) 


Phc.  1.  Pe3yjibTaTbi  pacnexoB  aaa  MorrejiH  1:  a)  cnmaji  Ha  BbixoAe 

comacoBaHHoro  (J)HJibTpa;  b)  cnmaji  nocjie  HTepauHOHHon  o6pa6oTKH 
Fig.  1.  Calculation  results  for  Model  1:  a)  output  signal  of  the  matching  filter;  b) 
result  of  the  iteration  processing 


Ha  pHC.  2  npeACTaBJieHbi  pe3yjibTaTbi  aha  mo- 
AeAH  2.  fljiA  yAobcTBa  npeACTaBJieHHA  rpa(J)HKH 
npHBeAeHbi  b  AorapH<J)MHHecKOM  MacuiTaSe. 
IloKa3aHbi  cHmanbi  npH  oGmuhom  KoppejiAirn- 
oHHoft  o6pa6oixe  (pnc.  2a),  KorAa  6oKOBbie  Ae- 
necTKH  <I>H  CHAbHoro  cHinana  MacKHpyioT  cjia- 
6blft  CHTH3A,  H  nOCAe  HTepauHOHHOH  o6pa6oTKH 

(pnc.  2b).  B  nocAeAHew  cnynae  YBJI  cHHXcaeTCA 
ao  ypoBHA  inyMa  chctcmm  Taic,  hto  bhach  uhk 
4>yHKUHH  HeonpeACAeHHOCTH  cnaSoro  cnmajia. 


Figure  2  shows  results  obtained  for 
model  2.  For  clearness  sake  the  diagrams 
are  represented  in  logarithmic  scale.  The 
signals  after  the  correlation  processing 
are  shown  in  Fig.  2a  (when  the  ambiguity 
function  sidelobes  of  more  strong  signal 
mask  the  weak  signal)  and  after  iterative 
processing  (Fig.  2b).  In  the  latter  case 
sidelobes  are  decreased  to  the  system 
noise  level,  so  that  the  AF's  peak  of  the 
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OneBmmo,  mto  a6cojiioTHafl  BejiH^Ha  KOMneH-  weak  signal  becomes  visible.  It  is  clear 
cauHH  BJI  MoaceT  ^ocmraTb  .aecflTKH  flemrSeji  w  that  the  sidelobe  compensation  can 
orpaHHneHa  tojibko  cooTHomeHHeM  «cHrHaji-  reach  dozens  of  dB  and  is  limited  only 
myM».  by  "signal-to-noise"  ratio. 


Phc.  2.  Pe3yjibTaTbi  pacneTOB  jsm  Mo^ejin  2:  a)  cnraan  Ha  Bbixo/re 

comacoBaHHoro  4)HJibTpa;  b)  CHraaji  nocjie  HTepaimoHHOH  o6pa6oTKH 
Fig.  2.  Calculation  results  for  Model  2:  a)  output  signal  of  the  matching  filter; 
b)  result  of  iteration  processing 


Ha  phc.  3  npeflcraBJieHbi  pe3yjibTaTbi  mo- 
nejiH  3.  Ha6jnoAaercH  He3HaHHrejibHoe  cHnaceHHe 
YBJI  Ha  Bbixoae  cHCTeMbi  npn  HTepanHOHH oh 
o6pa6oTKe  (pwc.  3b)  no  cpaBHeHHio  c  oGhhhoh 
KoppejiBUHOHHOH  o6pa6oTKOH  (pnc.  3a).  3a  cner 
CHH(J)a3Horo  cnoxceHHH  AByx  otkjihkob  neneii  c 
6ojibuiHMH  3FIP  npoHcxortHT  CMeineHHe  peajib- 
Horo  MaxcHMyMa  cnmajia  Ha  Bbixo^e  comacoBaH- 
Horo  (J)HJibTpa,  c  KOToporo  HaunHaer  cboio  pa- 
6oTy  HTepauHOHHaa  ripone/rypa.  IIoaTOMy  njin 
naHHOH  MOflejiH  uejiH  HTepauMOHHbin  ajiropHTM 
peajiH3yeTCH  He  b  iiojihoh  Mepe. 


The  results  obtained  for  model  3  are 
shown  in  Fig.  3.  In  comparison  with  the 
correlation  processing  (Fig.  3b),  the 
iterative  processing  (Fig.  3a)  gives  slight 
decrease  of  sidelobes  at  the  system  output. 
Because  of  in-phase  adding  of  two  res¬ 
ponses  of  the  large  RCS  targets,  there  is 
a  shift  of  true  signal  maximum  at  the 
matched  filter  output,  from  which  the 
iterative  procedure  starts  operating.  Thus, 
the  iterative  algorithm  is  not  fully  realized 
for  this  model. 


a)  b) 


Phc.  3.  Pe3yjibTaTbi  pacneTOB  mx  Moflejm  3:  a)  cnmaji  Ha  Bbixoae  comacoBaHHoro 
(jwuTbTpa;  b)  CHrHaji  nocjie  MTepauHOHHoft  o6pa6oTKH 
Fig.  3.  Calculation  results  for  Model  3:  a)  output  signal  of  the  matching  filter;  b)  result 
of  iteration  processing 
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Ha  phc.  4  npe/icTaBJieHbi  pe3yjibTaTbi  nun 
MOflejiH  4.  rioKa3aHbi  CHmajibi  npH  ofibiuHou 
KOppejiauHOHHOH  o6pa6oTKe  (puc.  4a)  m  nociie 
MTepaiiHOHHoft  o6pa6oTKH  (pwc.  4b).  Habjno^a- 
ercH  3HaHHTeJibHoe  cHHXceHHe  YBJI  cHTHajia  Ha 
Bbixo^e  cwcTeMbi  nocjie  HTepauHOHHOH  o6pa- 
6otkh.  Oa3bi  cHTHajioB,  oTpaxeHHbix  ot  uejieft 
C  fiOJIblUHMH  9I1P  CJiyHaMHbl,  Tax  4TO  OTXJIH- 
KH  CIOia^blBaiOTCH  HeCHH(J)a3HO.  ri03T0My  CMe- 
meHHfl  peajibHoro  MaxcHMyMa  cwrHajia  Ha  Bbi- 
xojie  corjiacoBaHHoro  (j)HJibTpa  He  npoHcxouHT, 
H  HTepaUHOHHblH  BJIFOpHTM  flaeT  XOpOUUHH  pe- 
3yjibiaT. 


Figure  4  shows  results  obtained  for 
model  4.  The  signals  after  the  correlation 
processing  and  iterative  processing  are 
shown  in  Fig.  4a  and  4b.  Considerable 
decrease  of  the  signal  sidelobes  at  the 
system  output  can  be  observed  after  the 
iterative  processing.  Since  the  signal 
phases  reflected  by  large  RCS  targets  are 
random,  then  the  responses  are  summed 
out-of-phase.  Therefore,  true  signal 
maximum  at  the  matched  filter  output 
is  not  shifted,  and  the  iterative  algorithm 
gives  good  result. 


Nqu«ncy  time  frequency  time 


a)  b) 

Phc.  4.  Pe3yjibTaTbi  pacneTOB  jajm  Mo,ne;iH  4:  a)  curHaji  Ha  Bbixo^e 

corjiacoBaHHoro  (hmibipa;  b)  cwmaji  noc/ie  HTepauHOHHOH  obpaboTKU 
Fig.  4.  Calculation  results  for  Model  4:  a)  output  signal  of  the  matching  filter;  b) 
result  of  iteration  processing 


4.  nepcneKTHBbi  Hcnojib30BaimH 

KTepaimoHHoro  ajiropHTMa 

Kax  noxa3aHo  b  [3],  xoppexTHaa  cobmcct- 
Haa  ouenxa  xoopahh uth hi x  m  nojiapM3aitMOHHbix 
napaMeTpoB  npocrpaHCTBeHHo-pacnpe/iejieHHo- 
ro  HecTauwoHapHoro  bo  BpeMeHH  ofibexra  bo3- 
MO^CHa  TOJlbXO  npH  HCnOJIb30BaHHH  30HHHpyK)- 
utero  noroxa,  MaTpHHHaa  OH  xoToporo  HMeeT 
bhu  MaTpHUbi  ToxcaecTBeHHbix  npeo6pa30BaHHft. 
OopMHpOBaHHe  xaxHX  hotoxob  ocHOBaHo  Ha  npH- 
MeHeHHH  oproroHajibHbix  uiyMonoflofiHbix  curaa- 
JIOB.  npH  3T0M  OCHOBHbie  01JiH6XH  B  OUeHXe  MaT¬ 
pHUbi  ofipaTHoro  paccenHHH  ofibexTa 
onpeueJiaiOTCH  ypoBHHMH  B3aHMHOH  xoppejumHH 
h  ypoBHeM  6oxobhx  jienecTXOB  opToroHanbHbix 
cwrHajioB.  Hcnojib30BaHHe  anpHopHnx  3HaHHM  o 
B3aMMHOfi  OH  3THX  CHmaJIOB,  B  COBOXynHOCTH  c 
anpHOpHbIM  3H3HHeM  O  BHUe  HX  OH,  n03B0JIHI0T 
npHMeHHTb  paCCMOTpeHHbIM  HTepaUHOHHblH  ajl- 


4.  The  prospects  of  the  iterative 

algorithm  application 

As  was  shown  in  [3],  the  correct  joint 
estimation  of  coordinate  and  pola¬ 
rization  parameters  for  spatially  distri¬ 
buted  time-fluctuating  object  is  possible 
only  using  sounding  flux,  which  matrix 
ambiguity  function  takes  form  of  the 
identical  transformation  matrix.  The 
generation  of  such  fluxes  is  based  on 
using  orthogonal  noise-like  signals.  In 
this  case,  the  principal  errors  in  BSM 
estimation  are  determined  by  cross  cor¬ 
relation  and  sidelobe  levels  of  the  ortho¬ 
gonal  signals.  A  priori  knowledge  on  cross 
ambiguity  function  of  these  signals,  in 
common  with  a  priori  knowledge  on 
their  AFs,  allows  to  use  the  iterative 
algorithm  above  for  increase  of  accuracy 
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ropHTM  jyia  noBbiuieHHH  tohhocth  (JjopMHpye-  of  joint  estimation  of  coordinates  and 
MOH  coBMecTHOH  oueHXH  xoopaHHaT  h  MaTpn-  scattering  matrix  of  real  radar  objects. 
Ubi  pacceaHHfl  peajibHbix  PJT  oObcxtob. 


BwBoaw 

1.  PaccMOTpeHHbiii  HTepaiiHOHHbift  Meioa 
(j)HJIbTpaiIHH  n03B0JiaeT  yMeHblUHTb  BJIHHHHe 
EJI  cjioxHbix  cnrHaaoB,  0Tpa>xeHHbix  ot 
oanHOHHbix  uejien  c  Gojibhiom  3IIP,  npn  06- 
HapyxeHHH  cnrHaaoB  ot  Majiopa3MepHbix  ue- 
jieft,  KOTOpbie  npn  o6bi4HOM  xoppejifliiwoH- 
hom  o6pa6orxe  CKpbiTbi  b  6oKOBbix  jienecTKax 
OH  6oJiee  ciuibHbix  CHmanoB.  IIpM  stom  ypo- 
BeHb  6okobhx  JienecTKOB  o6pa6aTHBaeMbix 
oTpaxeHHbix  cHraanoB  cHroxaercfl  ao  ypoBHH 
rnyMa  CHCTeMbi. 

2.  «naaTOM»  3a  BbiHrpbim  HBJiaeTca  yBeanne- 
Hne  BpeMeHH  o6pa6oTXH  xpaTHoe  xojinue- 
CTBy  HTepauHH.  3to  b  aaHHOM  cjiyuae  He  hb- 
aaeTca  npHHUHriHajibHbiM  orpaHHueHHeM 
npH  Hcnoab30BaHHH  anropHTMa,  nocxoabxy 
axBHBaaeHTHbiH  BbmrpHm  b  noaaBaeHHH  BJI 

MOxeT  aocrwraTbCH  Ha  3HauHTejibHO  MeHb- 
liiHX  6a3ax  cnrHana. 

JIirrepaTypa 

[  1  ]  IIpHMeHeHHe  reHeTHuecxHX  aaropHTMOB  h 
cneunaabHbix  HecoraacoBaHHbix  v-cj)RribT- 
pOB  ana  MHHHMH3aUHH  xoppeaaixHOHHbix 
rnyMOB  BOM  cnrHaaoB.  JIo3oboh  A.B., 
MeabHHXoB  B.O.,  PaanoHOB  A.H.  3-a  Me>x- 
ayHapoaHaa  xoH(|)epeHUHa  DSPA-2000, 
http://www.autex.spb.ru,  2001 

[2]  AMHaHTOB  H.H.  M36paHHbie  Bonpocbi  cra- 
THcmuecxoM  TeopHM  cbh3H.  -  M.:  Cob.  Pa- 


Conclusion 

1.  The  considered  iterative  filtering 
method  allows  to  decrease  the  side- 
lobes  influence  of  compound  signals 
reflected  by  single  target  with  large 
RCS  while  detecting  signals  from 
small-sized  targets,  which  are  hid¬ 
den  in  AF  sidelobes  of  more  strong 
signals  under  common  correlation 
processing.  In  this  case,  sidelobes 
level  of  the  processed  signals  decrease 
to  the  system  noise  level. 

2.  «Charge»  for  processing  gain  is 
increase  of  processing  time  multiple 
to  the  iterations  number.  It  is  not  a 
principal  limitation  of  the  algorithm, 
since  the  equivalent  gain  in  sidelobes 
suppression  can  be  obtained  with 
much  less  values  of  7V Af  product  of 
the  signals. 
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Lenin  Ave.  40,  634050,  Tomsk,  Russia 
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The  ambiguity  function  concept  is  expan¬ 
ded  to  case  of  vector  space-time  signals. 
Space-time  ambiguity  matrices  of  pola¬ 
rization  synthetic  aperture  radars  with 
simultaneous  measurement  of  the  back- 
scattering  matrix  have  been  derived 


1.  BBeAeHHe 

npHMeneHHe  pa^HOJioKaunoHHbix  cmctcm  c 
cHHTe3HpoBaHHOH  aneprypoM  (PCA)  no3BOjmeT 
nojiyuaTb  pa^MoaoKauMOHHoe  M3o6pa>KeHMe  c 
BbtcoKHM  pa3peuieHHeM.  flonojiHHTeubHoe  mc- 
nojib30BaHHe  b  TaKMx  cHCTewax  HH<j>opMauHH  o 
nojiflpH3auHOHHbix  xapaKTepucTHKax  cMmajia 
no3BOJiHeT  pa3JiHHaTb  uejtH  c  pa3JiM4HbiMM  no- 
JIBpH3aiJ,HOHHbIMH  CBOMCTBaMM,  HTO  3HaHMTeJIb- 
ho  pacuiHpaeT  bo3Mo>khocth  PCA. 

BtDKHeftmeM  xapaicrepMCTHKOM  TaKHx  cmctcm 
HBjmeTCH  pa3peiuaiomaa  cnoco6Hocrb.  flaa  oueH- 
km  noTeHUHaabHOM  pa3peiiiaK)meH  cnoco6Hocm 
b  paaHOJioKauMH  npHHaro  Mcnojib30BaTb  (byHKuuio 
HeonpeaeJieHHOcro  (OH).  Bo3HMKaeT  3aaaqa  0606- 
meHHH  KJiaccMHecKOH  (j)yHKUHH  HeonpeaeJieHHO- 
cth  Ha  cjiyuaM  BeKropHbix  npocTpaHCTBeHHO- Bpe - 
MeHHbIX  CMrHaJIOB,  MTO  n03BOJiaeT  OUCHMBaTb 
pa3pemaiomyK)  cnoco6HOcrb  cmctcm bi  no  bccm 
napaMerpaM,  Mcnojib3ya  oany  3Ty  (})yHKUMio. 

3aaaqa  aaHHOM  pa6oTbi  —  c^opMyjiMpoBaTb 
noHaTMe  MaTpMUbi  HeonpeaejieHHocTM  (MH)  m 
nojiyMMTb  ee  BbipaaceHMe  pjin  nojiapM3auMOHHbix 
PCA  c  QHHOBpeMeHHbiM  M3MepeHMeM  Bcex  3.ne- 
mchtob  MaTpMUbi  pacceaHMJi  (MP)  UeJIM. 

2.  IIpOCTpaHCTBeHHO-BpCMeHHafl  MaTpHUa 

HeonpeACJieHiiocTH 

OyHKUMa  Heonpe^ejieHHOCTM  cKanapHoro  cmt- 
Hajia  jyin  npoM3BOJibHoro  Beicropa  cyiuecrBeHHbix 


1.  Introduction 

The  use  of  synthetic  aperture  radars 
(SAR)  allows  to  obtain  high  resolution 
images.  Additional  application  of  the 
signal  polarization  characteristics  in  such 
systems  permits  to  distinguish  targets 
with  different  polarization  properties, 
that  considerably  widens  SAR  abilities. 


The  resolution  of  such  systems  is  the 
most  important  characteristic.  The 
ambiguity  function  (AF)  is  usually  used 
to  estimate  the  potential  resolution  in 
radar.  Thus,  the  classical  AF  should  be 
generalized  for  the  case  of  space-time 
vector  signals.  It  would  allow  to  estimate 
the  system  resolution  by  all  parameters 
using  only  this  one  function. 

The  main  goal  of  the  paper  is  to 
formulate  notion  of  the  ambiguity  matrix 
(AM)  and  to  find  its  expression  for 
polarization  SAR  with  simultaneous 
measuring  all  elements  of  a  target's 
backscattering  matrix  (BSM). 

2.  Space-time  ambiguity 

matrix 

The  ambiguity  function  of  a  scalar 
signal  for  an  arbitrary  vector  of  para- 
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napaMerpoB  p  Mo^ceT  6biTb  onpe/rejieHa  b  Brine  meters  p  can  be  described  by  the  auto- 
aBTOKoppejiHUHOHHOH  (pyHKUHH  KOMiuieKCHOM  aM-  correlation  function  of  the  signal  complex 
miHTyabi  cnmajia  [1]  amplitude  [1] 

*(Aji)  =  C  J  J U(t,  p,  p, )  & •  (/,  p,  p2)  dtdp,  (1) 


iTte  p  -  Beicrop  npocTpaHCTBeHHbix  KooprumaT  where  p  is  a  vector  of  antenna  aperture 
anepTypti  aHTeHHbi,  C  —  HopMHpyroinnn  mho-  spatial  coordinates,  C  is  normalizing 
XHTejib.  factor. 

npencTaBHM  KOMruieKCHyK)  aMnjiHTyzry  nojia  Let  us  describe  the  field  complex 
b  Btme  BeKTopa  amplitude  by  the  vector 


U(/,p,p) 


0v(t,  p,p) 


By^eM  Taxxe  paccMaTpnBaTb  ofiofimeHHyio  4?yH-  Let  us  also  consider  the  generalized 
kuhk)  Heonpe^ejieHHOCTH  b  mwe  CBepTKH  U(/)  ambiguity  function  as  convolution  of  U(/) 
h  S  •  U*  (/) ,  rue  and  S  •  U*  (t) ,  where 


-  2x2  MaTpnua,  OKBHBajieHTHan  MaTpnue  ofipai-  is  2x2  matrix  equivalent  to  target's  BSM. 
HoropacceaminuejiH.  Bpe3yjibTaTenojiyqaeMMaT-  As  a  result,  we  get  the  matrix  of  the 
pmxy  B3anMHbix  (pyHKLnni  Heonpe^ejieHHOCTH  ambiguity  functions 


me 


^(Ap  )  =  C 


where 


(2) 


^  yy  (Aft)  —  Syy  J  \*]}Uy(f)P>\l'2)dtdp+SyH  J  Jt/K  (^,  p,  p,  p,  p2)^^P 

-os  -oo  — cc  -oo 


<i/„;(Ap)  =  5„r  |  { vy (t, p, jl, ){/; (t, p, p2 )dtdp +Sm  J  | Uv (t, p, p, )U’H (t, p, y.2)dtdf, 

—00  — X  -00  —00 

oo  oo  oo  oo 

^  HV  (Ap)  =  Syy  J  J^(/,P,pi)t/,(/?P,p2)^P  +  ^  J*  J  U  H  (t,  p,  Pi  )Lrw  (/,  p,  P2  )dtdp 

-oo  -oo  -oo  -oo 


(Ap)  =  SHy  J  p, p, )U’v(t, p, p2 )dtdp  +  SHH  J  ju„(t, p, p, )U’H (t, p, p2 )dtdp 


KoHKpeTH3HpyeM  MaTeMarauecKyio  Mo^ejib 
curHajia.  PaccMOTpHM  JiHHeHHbiH  cjiynaw  p  =  x , 
anepTypy  sajiamM  (hyHKimeH  /(jc)  .  B  6o;ibimiH- 
cTBe  peajibHbix  cjiynaeB  cnrHaji  ot  Majiopa3Mep- 
HOM  UeJTH  MOXHO  IXpetfCTaBHTb  B  BHfle  [2] 


Making  specific  the  mathematical 
signal  model,  let  us  consider  linear  case 
j5  =  x,  with  the  aperture  described  by 
I(x ) .  In  the  most  real  cases,  the  signal 
from  small-sized  target  is  written  as  [2] 


ii(t,x)  =  U(t,x)exp{j(<£>0t+uxx)}, 


me  ux  -  npoeKUHfl  npocTpaHCTBeHHOH  nacTOTbi. 
fljui  TaKofi  Mo^ejiH  ckajinpHan  ofiofimeHHan 
(JjyHKmra  HeonperrejieHHOCTH  npHHHMaeT  Bim  [2] 


where  «ris  the  spatial  frequency  projec¬ 
tion.  For  the  model,  the  scalar  generalized 
ambiguity  function  takes  the  form  [2] 
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vF(t,QjAwx,Ajc)  =  C  J  j\l(x)^  U(t,x)U* (t-%x- Ax) exp {j(Clt  +  Auxx)}dtdx9  (3) 

-00  —00 


me  x,  Cl,  Aux,  Ax  —  paccomacoBaHHe  npHHHMae- 
Moro  h  onopHoro  cHraajioB  no  BpeMeHH,  qacTO- 
Te,  yrjioBon  h  JiHHetfHoii  KoopflHHaTe  cooTBeT- 
CTBeHHo.  06o6meHHaji  MaTprma 

Heonpe^ejieHHocTH  ju m  TaKoii  MOflejin  cnmajia 
onpe,ae;iHeTCH  no  aHarcorHH  c  BbimecKa3aHHbiM. 


where  x,  Cl,  Aux ,  Ax  are  differences  of 
received  and  reference  signals  in  time, 
frequency,  angular  and  linear  coordi¬ 
nates,  correspondingly.  The  generalized 
ambiguity  matrix  for  such  signal's  model 
is  derived  by  analogy  with  above. 


3.  <PaKTOpH3aUHfl  npOCTpaHCTBeHHO- 
BpeMemibix  (J)>hkhhm  neonpe^ejieHHOCTH 


3.  Factorization  of  space-time 
ambiguity  functions 


B  pane  cjiynaeB  npocTpaHCTBeHHo  -  BpeMeHHa# 
(JjyHKixnn  Heonpe^ejieHHocTH  MoxceT  4>aKT0pH30- 
BarbCH,  to  ecrb  MoxeT  6biTb  npencranneHa  b  Brme 


In  some  cases  the  space-time  AF  can 
be  factorized,  i.e.  it  may  be  written  in  the 
form 


t(T,Q,A^,Ar)  =  'Fr(T,Q)'F5(AW„Ax), 


rne  HV  —  BpeMH-uacTOTHan,  a  xifs  —  npocrpaH- 
cTBeHHO-yrjioBan  OH. 

floCTaTOUHBIMH  yCJIOBHHMH  <J)aKTOpH3aUHH 
OH  HBJIflIOTCH 

-  (j>aKTOpH3amm  KOMnneKCHOM  aMnjiMTy^bi 
npocrpaHCTBeHHO-BpeMeHHoro  cnmajia,  to  ecrb 

u(t,x)  =  u(tyu(x)9 

-  He3aBHCHM0CTb  anepTypHOH  (J)yHKUHH  }(x) 
OT  BpeMeHH. 


where  and  are  time-frequency 
and  space-angular  ambiguity  functions. 

The  following  conditions  are  suffi¬ 
cient  for  AF  factorization 

-  factorization  of  space-time  signal's 
complex  amplitude,  i.e. 
u(t9x)=u(tyu(x), 

-  time-independent  aperture  function 
/(*). 


4.  MaTpHua  Heonpe^ejieHHOcTH 
nojmpH3auHOHHOH  PCA 

PaccMOTpHM  c<t»oKycHpoBaHHyio  PCA  6oko- 
Boro  o63opa.  EyaeM  cHHTaTb,  hto  PJIC  nBH^ceTcn 
paBHOMepHO  H  npBMOJIHHefiHO.  OdbenHHHB  MO- 
MeHTbi  npneMa  HMnyjibcoB,  nojiyHHM  3KBHBajieH- 
THyio  nHCKpeTHyio  aneprypy  [3]  (cm.  pnc.  1).  Ma- 
TeMaTH^ecKan  Monejib  CKaraapHoro  cHmajia  b 
3tom  cjiyuae  npHHHMaeT  cjiejiyiomHM  bhjoi 


4.  Ambiguity  matrix  of  polarization 
SAR 

Let  us  analyse  a  focused  side  looking 
SAR.  It  is  supposed  that  the  radar  is  mo¬ 
ving  along  linear  path  uniformly.  Having 
joined  instants  of  pulse  reception,  one  can 
get  an  equivalent  discrete  aperture  [3]  (see 
Fig.  I).  In  this  case,  received  scalar  signal 
is  written  as  follows 


u(t,  xl)  =  U(t,xi)exp{  2ycp( }  exp  {jw0t } ,  (4) 

me  <p=kA.  -  3ana3AbiBaHHe  <J)a3bi,  onpeaejmeMoe 
pa3HocTbio  xona 

A;.  =A(uixi,H) 

y^HTbiBan  (|)OKycHpoBKy  b  PCA,  3KBHBajieH-  Considering  the  SAR  focusing,  the 
raaa  anepTypHaa  4>yHKUHJi  onpeaejiaeTca  b bi-  equivalent  aperture  function  is  deter- 
paxceHweM  I(xi)-Qxp{2jkAQ}.  H3  (3)  cjienyeT  mined  by  /(x,)-exp{2/MQ}.  As  follows 
BUpaxceHHe  njin  <1>H  from  (3),  the  AM  expression  becomes 

*  =  C'Mt.n)  Zexpj2y^Ai/-^x(2[l-V(l-A«J)3  <5> 


where  c p,—kA.  is  a  phase  lag  determined 
by  propagation  difference 

1  2 

=  - XT. 

7M  ' 
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*1  *2 . *N  -»  2 


1 


Phc.  1.  r eoMeTpHHecKHe  coothouichhh  turn  PCA  6oKOBoro  o63opa:  1  —  uejib, 

2  —  TpaCKTOpHH  ABHXeHHH  PCA,  3  —  4)a30BbIM  <J)pOHT  BOJIHbl 
Fig.  1.  Geometrical  configuration  for  side  looking  SAR:  target  (1),  SAR 
motion  path  (2),  EM  wave  phase  front 

PaccMOTpHM  cjiynaM  nojiHpH3au,HOHHoii  Let  us  consider  a  polarization  SAR 
PCA  c  OOTOBpeMeHHWM  H3MepeHHew  MaTpn-  with  simultaneous  BSM  measurement. 
Ubi  pacceHHMH.  B  tskhx  cHcreMax  npe/yioxteHo  [4,  For  such  systems  it  was  suggestred  to 
5]  ncnojib30BaTb  cnmajibi  b  BH#e  oproroHajibHbix  use  orthogonally  polarized  time  ortho- 
OKM  CHFHajioB,  H3JiynaeMbix  Ha  opToronajib-  gonal  PSK  signals  [4,  5]  .  Further,  we 
Hbix  nonapH3auMflx.  Ey^eM  Mcnojib30BaTb  b  xaue-  will  analyse  the  case  when  components 
cTBe  KOMnoHeHT  Uv(t)  h  UH(t)  H3JiyHaeMoro  Bex-  Uv(t)  and  UH(t)  of  radiated  vector 
TopHoro  CHrnajia  chitohm,  MaHHnyjiHpoBaHHbie  signal  are  PSK  signals  modulated  by  m- 
no  4)a3e  opToroHajibHbiMH  m-nocjieaoBaTejibHO-  sequences.  Figure  2  shows  matrix  of  the 
cthmh.  Ha  phc.  2  noKasaHa  Maipmja  o6o6meH-  generalized  AF  in  coordinates  Am  for 
hux  <J>yHKUHH  HeonpeaejieHHOCTH  b  KoopzwHa-  the  following  scattering  matix 
Tax  Am  ana  cjiynaa 


Phc.  2.  Marpmxa  Heonpeae;ieHHocTu  nojwpH3auHOHHoii  PCA  b  KoopflHuaTax  Aw 
Fig.  2.  Ambiguity  matrix  of  polarimetric  SAR  in  Aw-coordinates 


4.  MaTpima  neonpe#ejwHHOCTH  4.  Ambiguity  matrix 

HHTep<)>epeHimoiiHOH  nojmpH3aiuioHHOH  PCA  of  interferometric  polarization  SAR 

B  paccMaTpHBaeMOM  cjiynae  cwcreMa  otjih-  In  the  given  case,  the  system  differs 
HaeTca  or  onwcaHHOM  Bbirne  cHcreMbi  Tew,  mto  from  the  described  above  by  presence  of 
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oHa  HMeeT  £Be  aHTeHHbi,  pacnojio>KeHHbie  Ha  och, 
nepneH^HKyjiapHoft  HanpaBJieHHio  abhxchhh 
PCA,  Ha  paccTOHHHH  L  apyr  ot  apyra. 

EyaeM  CHHTarb,  mto  cHmanbi,  npHHWMae- 
Mbie  aHTeHHaMH,  pa3jmuaiOTCfl  TOJibKo  pa3Ho- 
cTbio  xo^a  Ar=Lcosp  (npw  HaKJioHHOH  msih- 
hocth  r »  L ,  p  -  HanpaBJieHHe  Ha  uejib  b 
miocKocTH  aHTeHH).  no  aHajiornH  c  (4)  nojiy- 
naeM  cnrHajibi  b  nepBOH  h  BTOpoft  aHTeHHax  co- 
OTBeTCTBeHHO 


two  antennas  spaced  at  L  distance  along 
the  axis  perpendicular  to  the  SAR  mo¬ 
tion  path. 

Let  signals  received  in  the  antennas 
differ  only  by  propagation  difference 
Ar=L-cosp  (when  slant  range  r  »  L ,  P 
corresponds  to  target  direction  in  the 
antennas  plane).  Similar  to  (4),  the 
signals  at  the  antennas  outputs  can  be 
presented  in  the  form 


u,  (t,x,  )  =  (/,(/,  xt)  exp  {2  jkA(u,  H,x, )}  exp  {ja>0t} , 


.  ,  .  .  (  A  r 

u2(t,xi)  =  ul  t - ,x, 

^  C 


\ 

y 


AjiropHTM  obpaboTKH  cHrnajioB  b  HHrepcpe-  The  signals  processing  algorithm  in 
poMeTpax  obbiUHo  cooTBeTCTByeT  nepeMHOxe-  interferometers  corresponds  to  the  sig- 
hhio  cwmanoB  nals  multiplication 


B  3TOM  c;iyuae  cKajiapHan  <i>yHKUHfl  Heonpe^e-  So  that  the  scalar  ambiguity  function 
jieHHocTH  becomes 


‘Ff  exp 


(6) 


W  x¥l  cooTBeTCTByeT  BbipaaceHHio  (5). 

MarpHua  t|)yHKunM  Heonpe^ejieHHOCTH  (2) 
B  KOopflHHaTax  Aw;  Av=cosp,  nojiyueHHaa 
corjiacHo  (6)  turn  cjiyuaa,  cooTBeTCTByiomero 
pHc.  2,  noKa3aHa  Ha  pwc.  3. 


where  xiJ]  corresponds  to  (5). 

Figure  3  shows  the  AF  matrix  (2)  in 
coordinates  Aw;  Av=cosp  obtained  accor¬ 
ding  to  (6)  for  the  case  presented  in  Fig.  2. 


Phc.  3.  MaTpwua  HeonpeflejieHHOCTH  HHTep4>epeHUHOHHoft  PCA  b  KOopaHHaTax  Aw,  Av 
Fig.  3.  Ambiguity  matrix  of  interferometric  SAR  in  Aw,  Av  coordinates 


5.  Pa3peinaK>maii  cnocoSnocTb  PCA 
6oKOBoro  h  nepe^Hero  o630pa 


5.  Resolution  of  side  looking  and 
forward  looking  SAR 


PCA  nepe^Hero  o63opa  (phc.  4)  c})yHKUHo- 
HHpyer  aHajiorHUHo  paccMOTpeHHbiM  cncreMaM, 
ho  MaKCHMyM  ee  aHarpaMMbi  HanpaBJieHHOcTH 
OpHeHTHpOBaH  BflOJIb  HanpaBJieHHH  rtBHXKeHHH. 


Forward  looking  SAR  (Fig.  4)  ope¬ 
rates  in  a  similar  manner  as  the  systems 
above,  but  its  pattern  maximum  is  alig¬ 
ned  along  the  motion  axis. 
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Phc.  4.  r eoMeTpHHecKHe  cooTHoineHHH  aaa  PCA  nepeAHero  o63opa:  1  —  uejib,  2  -  PCA 
Fig.  4.  Geometrical  configuration  for  forward  looking  SAR:  target  (1),  SAR  (2) 


fljia  oueHKH  yrjioBOM  pa3pemaiomeH  cnocob- 
hocth  6yaeM  ncnoAb30Barb  <j>yHKUHio  Heonpe- 
nejieHHocTH  b  KoopflHHarax  A u.  3wiia  paccMaT- 
pHBaeTCH  B  OflHOH  ITJIOCKOCTH  (HanpHMep,  B 
BepmKajibHOH).  3aKOH  M3MeHeHHH  (J)a3bi  no  anep- 
iype  ,zuia  PCA  nepeAHero  o63opa,  cooTBeTCTBy- 
iomnn  (J)a3e  6erymen  bojihbi,  onpeAeAHeTca  cjie- 
AyiomHM  o6pa30M  [2,  3] 


In  order  to  estimate  the  angular 
resolution,  let  us  use  the  AF  in  co¬ 
ordinates  Aw.  The  problem  is  analysed  in 
one  plane  (for  example,  vertical).  The 
phase  variation  law  in  aperture  of  the 
forward  looking  SAR,  which  corres¬ 
ponds  to  traveling  wave  phase,  is  deter¬ 
mined  as  follows  [2,  3] 


cp(jt)  =  —r(x)  =  <p0  + — xcos  a  =  <p0  4-  kxux 
X  A, 


(7) 


iAe  A  —  AJiHHa  boahh,  r(x)  —  AaJibHOCTb  a 0  uejin, 
KaK  (J>yHKitHH  KoopAHHaTbi  PCA,  (p0  -  HanaAbHan 
4>a3a,  a  -  yroA  BH3npoBaHHH,  wx=cosa  h  k~ 2n/A. 
yMHTbiBaa  pacnpeAeAeHHe  <J>a3bi,  H3  (3),  (4) 
noAynaeTCH  BbipaxeHMe  ajih  AnarpaMMbi  Ha- 
npaBAeHHOCTM  PCA  nepeAHero  o630pa 


where  A  is  wavelength,  r(x)  is  a  target's 
range  as  function  of  x  coordinate,  <p0  is 
initial  phase,  a  is  aspect  angle,  wx=cosa 
and  kr= 2%/X.  Considering  the  phase  dis¬ 
tribution,  the  forward  looking  SAR 
pattern  is  derived  from  (3)  and  (4)  as 


L/2 

^(Aw)  =  |  exp  {2 ik(ux  -  wx0)}  dx  = 

-L/2 


sin(kLAux) 
kLAux  9 


(8) 


rAe  Au=u  -u^  w^  cooTBercTByeT  yrAy  a0,  ajih  where  Aw=wx-wx0,  u ^  corresponds  to 
KOToporo  c^oKycnpoBaHa  cncteMa.  system  focusing  angle  a0. 


Phc.  5.  JJuarpaMMa  HanpaaneHHocTH  PCA  nepeAHero  h  boKOBoro  ob3opa:  1  — 

2-  W2  npw  a0=0,  3  —  4^  npw  a0=O,O2  paA 
Fig.  5.  Directional  pattern  of  forward  and  side  looking  SAR:  *¥{  (1),  H,2  at  oc0=0  (2), 
xif2  at  a0=0,02  rad  (3). 
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TIpocmpaHcmeeHHO-epeMeHHasi  Mampuu,a  Heonpedeneunocmu ... 


Ha  pnc.  5  noKa3aHa  ^HarpaMMa  HanpaBJieHHO-  Figure  5  shows  the  forward  looking 
cth  PC  A  nepeaHero  o63opa  XP2  npw  ct0=0  h  SAR  pattern  at  a0=0  and  a0=0,02  rad 
a0=0,02  paa  b  cpaBHeHHH  c  anarpaMMon  nanpaB-  compared  with  side  looking  SAR  pattern 
aeHHOCTH  PCA  GoKOBoro  o63opa  'F,  (5)  npn  jvm-  (5)  at  50  m  synthesis  length  and  3  cm 
He  CHHTe3HpOBaHHH  50  m  h  jumnt  BoaHbi  3  cm.  wavelength. 

Samuouemie  Conclusion 

B  pa6oTe  nojiyueHbi  o6mne  BbipaxeHHa  ann  In  the  paper,  general  expressions  for 
npocTpaHCTBeHHo-BpeMeHHbix  MaTpHU  Heonpe-  space-time  ambiguity  matrices  have  been 
aeaeHHocTH,  a  Taoce  paccMOTpeHbi  npHMepbi  derived,  and  also  examples  of  the 
TaKHX  MaTpHU  ana  auyx  BMaoB  nojiapH3auHOH-  matrices  have  been  considered  for  two 
Hbix  PCA.  noayueHHbie  pe3yjibTaTbi  no3BOJiaiOT  polarization  SAR  systems.  The  results 
MoaeJinpoBaTb  MarpHUbi  HeonpeaeaeHHOCTH  ana  obtained  allow  to  simulate  the  ambiguity 
pa3JiHUHbix  cHCTeM,  30HaHpyiomHx  cHTHajioB  h  matrices  for  different  systems,  soun- 
MarpHU  oGpaTHoro  pacceaHna  ueaen.  3to  aaeT  ding  signals  and  backscattering  matrices 
BO3MoxcH0CTb  oueHHBaTb  pa3peinaioiuyio  cno-  of  radar  targets.  It  permits  to  estimate 
cobHocTb  CHCTeM  no  pa3JiHUHbiM  napaMeTpaM  c  resolution  of  a  radar  system  for  different 
yueTOM  noJinpH3auHOHHbix  cooTHomeHHH  Meat-  parameters,  taking  into  account  pola- 
ay  npHHHMaeMbiM  h  H3JiyaaeMbiM  cumajiaMH.  rization  relations  between  radiated  and 

received  signals. 
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In  the  paper ■  technical  restrictions  caused 
by  atmost  abilities  of  computing  devices  are 
analysed  under  realization  of  processing 
algorithms  of  complex  signals  in  polarization 
radars  with  concurrent  measurement  of  all 
backscattering  matrix  elements 


lloJiHpM3auHOHHa5i  PJIC  KpoMe  oSbimibix  PJI  In  addition  to  usual  radar  parameters 
napawerpoB  (aajibHocrb,  aoruiepoBcxaa  cKopocrb)  (range,  Doppler  velocity)  polarization  ra- 
aoJDKHa  oueHHBaTb  nojwpH3auHOHHbie  xapaicrepH-  dar  should  estimate  polarization  para- 
cthkh  MaTpmxbi  o6paTHoro  pacceamia  (MOP)  meters  of  the  backscattering  matrix  (BSM) 


S  = 


(I) 


xoTopaa  onucbiBaeT  nojiHyio  kom n ji e KCHyio  ot- 
paxaeMOCTb  PJI  obbexTa  h  xapaxTepn3yeT  ero 
nOJIHpH3aitHOHHbie  CBOMCTBa. 

Han6ojiee  nepcneicmBHbiM  npH  nocTpoeHMH 
COBpeMeHHbIX  nOJlflpH3aitHOHHbIX  PJIC,  HBJIH- 
eTca  ajiropMTM  o#HOBpeMeHHoro  oneHHBairaa 
Bcex  ojieMeHTOB  MaTpHUbi  obpaTHoro  pacceamia 
pa^noaoKaunoHHbix  (PJI)  obbexTOB  c  ncnojib- 
30BaHneM  BexTopHoro  cnmajia  u,(/),  cocToa- 
mero  H3  KOMnoHeHT,  opToroHajibHbix  no  noaa- 
pH3auHH  h  Meacay  codon  [  1  ] 


describing  full  complex  reflectivity  of 
radar  object  and  characterizes  its  pola¬ 
rization  properties. 

Algorithm  of  concurrent  measurement 
of  all  backscattering  matrix  elements  of 
radar  objects  with  using  vector  signal 
u,(0,  which  consists  of  orthogonally 
polarized  orthogonal  components  [1],  is 
the  most  perspective  for  application  in 
modem  polarization  radars 


»,(') 


UJt) 

u,y(t) 


(2) 


OueHxa  MOP,  onpeaeaaeMaa  H3  npMHHMae-  The  BSM  estimate  determined  by  the 

Moro  BexTopHoro  cnmajia  received  vector  signal 


*,(0 


U„(f) 

Ury(t) 


33BHCHT  ot  BH.ua  MaTpHUbi  HeonpenejieHHocTH  depends  on  the  ambiguity  matrix  X(x,Q) 
X(T,fi) 

S  =  J(x,  Q)  =  S  •  X(x,  f2) ,  (3) 
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TexnmecKue  oapaHmewm  npu  peajiu3au,uu  aaeopumMoe  o6pa6omKU  CAODtcHbix  cusHOfioe  ... 


3JieMeHTaMH  kotopoh  hbjihjotch  aBTOKoppeJifl-  which  elements  are  auto-  and  cross- 
UHOHHbie  h  B3aHMHbie  KOppeJiHUHOHHbie  (J)yHK-  correlation  functions  of  complex  envelopes 
UHH  KOMimeKCHbix  orndaiomHX  KOMnoHeHT  Bex-  of  the  vector  sounding  signal  components 
TopHoro  30H4Hpyiourero  cwmajia 


x,j(  t,n)=  (4) 

—oo 

flnn  OAHOBpeMeHHoro  ozmo3HanHoro  oueHH-  Simultaneous  and  unambiguous  esti- 
bhhhu  PJ1  oTKJiHKa  Ha  iuiockocth  «BpeMU-uacTO-  mate  of  radar  response  on  the  "time- 
Ta»  MarpHMHau  4>yHKUna  Heonpe^eJieHHocTH  aoji-  frequency"  plane  requires  the  ambiguity 
xtHa  crpeMHTbCfl  k  MatpHUHOM  ^eubra-(})yHKUHH  matrix  to  tend  to  matrix  delta  function 


X(x,Q)=>  8(0,0) 


'1 

o' 

*2,‘ 

0 

1 

*2, 

^22. 

(5) 


9T0My  TpeboBaHHio  yziOBJieTBopaioT  uiyMono- 
ao6Hbie  mjih  (J)a30KouoMo/cyjiHpOBaHHbie  (OKM) 
cHmajibi  b  (2),  MOByjmpoBaHHbie  KBa3HopToro- 
HaJIbHblMH  KOUOBbIMH  nOCJieUOBaTejIbHOCTBMH. 

H3-3a  KOHeqHOri  B3aHMHOH  OpTOrOHajlbHOC- 
TH  KOMIIOHeHT  30HUHpyi0mer0  BeKTOpHOrO  CHr- 
Haua  BHeAHaroHajibHbie  ajieMeHTbi  MaTpHuw 
X(X,Q)  CTaHOBBTCH  HeHyJieBbIMH  (d* 0) 


Noise  like  or  PSK  signals  in  (2)  modu¬ 
lated  by  quasi- orthogonal  code  sequences 
satisfy  to  this  requirement. 

Because  of  mutual  orthogonality  of 
the  sounding  signal  components,  off- 
diagonal  elements  in  X(x,Q)  become 
nonzero  (d* 0) 


X(t,Q)  =  £(t,£2) 


1 

d 


d 

1 


(6) 


BejiHUHHa  d  xapaicrepH3yeT  KOHeuHyio  opToro- 
HajibHocrb  KOMnoHeHT  BeicropHoro  cHmajia.  OHa 
onpeaeJiHeTca  miaccoM  (thiiom)  cnraajioB  h  hx 
6a30H  B^T-Af[3\.  JJjw  HOBbix  PJIC mnmiHbiM  3Ha- 
HeHHeM  OpTOrOHaJIbHOCTH  UBJTBeTCB  d  <  -40  uE. 
3t0  flOCTHXCHMO  npH  HCnOJIb30BaHHH  CHmaJIOB 
c  GoJibiiMMH  6a3aMH  (B  »  1).  Jljin  oSecneueHHa 
OTHOCHTeJIbHOH  TOHHOCTH  -40  npHXOflHTCU  HC- 
nojib30Baxb  cwmajibi  c  6a30H  B  «  105. 

IIomhmo  nojiupH3auHOHHbix  napaMeTpoB, 
PJIC  uoJDKHa  H3MepuTb  c  ^ocTaTOHHbiM  pa3pe- 
UieHHeM  o6bIHHbie  KOOpUHHaTbl  H  CKOpOCTb. 
Pa3pemeHMe  no  uajibHocra  A  R  coBpeMeHHbix  PJIC 
o6huho  jie>xnT  b  npe,ue;iax  0,5^5  m,  hto  TpeSyeT 
Hcnojib30BaTb  cjioxHbie  cnmajibi,  uiHpMHa  cnex- 
TpaKOTopbix  A 50-r500  MPa  npHMeHHTejibHo 
k  <I>KM  cnrHauaM  sto  onpeaejmeT  /yiHTejib- 
HOCTb  3JieMeHTa  Ko^a  x0=2-r20  hc.  fljiHTejibHocxb 
30HUHpyiomero  <1>KM  cwmajia  PJIC  ts  nponop- 
UHOHajibHa  6a3e  cnmajia  B  h  .zuiHTejibHOCTH  3Jie- 
weHTa  Ko^a  xQ:  x=B-t0.  JXjih  3HaueHnn  6a3bi  cnr- 
Hajia  h  pa3peuieHHB  no  .uajibHocra,  yKa3aHHbix 
Bbime,  AJiHTejibHocTb  pa^nojioKauHOHHoro  cnr- 
Hana  cocTaBHT  xs«200-b2000  mkc. 

Eojibinan  AaHTejibHocTb  30H£Mpyiomwx  cuma- 
jiob  3aTpyuHHeT  ncnojib30BaHHe  TaKnx  TpauniiH- 
ohhwx  MeTO^OB  pacumpeHMU  ^HHaMHuecicoro 


The  value  d  characterizes  finite  ortho¬ 
gonality  of  the  components.  It  is  deter¬ 
mined  by  signals  class  (type)  and  their 
so  called  «base»  B=T-Af[3].  The  typical 
value  is  d  <  -40  dB  for  modem  radars, 
when  signals  with  a  large  base  (B  » 1 ) 
are  used.  To  provide  the  relative  accuracy 
-40  dB,  it  is  necessary  to  use  signals  with 
105. 

Besides  polarization  parameters,  ra¬ 
dar  should  measure  (with  sufficient 
accuracy)  coordinates  and  velocity.  The 
range  resolution  A R  of  modem  radars 
usually  varies  from  0,5  to  5  m,  that  requi¬ 
res  to  use  complex  signals  with  spectrum 
width  A f «  50-^500  MHz.  For  PSK  sig¬ 
nals  A f  defines  duration  of  element  of 
the  code  xQ=2-r20  ns.  In  this  case, 
duration  of  the  sounding  PSK  signal 
x  =B-x0 .  For  parameters  mentioned 
above,  the  radar  signal  duration  will  be 
equal  to  xs«200^-2000  jis. 


The  large  duration  of  sounding  signals 
make  difficult  use  of  such  typical  method 
of  dynamic  range  expansion  of  the  radar 
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HHana30Ha  npneMHoro  ipajcra  PJIC,  Kax  BAPY.  Ilo 
3TOMy  UHHaMHHecKHH  uHana30H  npHeMHoro  Tpax- 
xa,  a  3HamiT  h  Bxo/unuero  b  Hero  Alin,  aonxceH  co- 
cTaBJiHTb  70  jxB  h  6ojiee.  THnHUHbiM  HBJifleTca 
Mcnojn>30BaHMe  b  npHeMHOM  Tpaicre  fibicipoueiiciBy- 
joiuhx  Alin  c  pa3peuieHHeM  12  6ht  h  6oaee. 

ComacoBaHHbiH  npneM  c;io>KHbix  CHmajioB 
c  6a3aMH  104-rl05  b  uh<J>poboh  (j)opMe  ocyme- 
CTBJiaerca  nyreM  napajuiejibHoro  BbiHHCJieHHH 
neTbipex  cBepTOK  jx Byx  PJI  otkjihkob  iirj(t) ,  c 
aByMH  onopHbiMH  cnmajiaMH  ii{j(t) ,  cooTBeT- 
CTByiOmHMH  KOMnOHeHTaM  H3JiyHeHHOrO  BeK- 
TOpHOrO  CHrHajia,  HMeKHUHMH  jOUIHTejIbHOCTH  7\ 
BbiaHCJieHHe  CBepTOK  aBJiaeTca  pecypcoeMKon 
BbIHHCJIHTeJIbHOH  npOUeflypOH.  34)(l)eKTHBHbIM 
cnocoSoM  pacaeTa  ruiHHHbix  CBepTOK  HBJiaeTCH 
BbiaHCJieHHe  UHKJIHUeCKOH  CBepTKH  C  HCnOJIb- 

30BaHweM  Bno  [4]. 

OKM  CHinaji  c  6a3ow  B  onncbiBaeTca  KaK 
MHHHMyM  L  >  B  OTcneTaMH.  HaH6ojiee  bjihhhbih 
PJI  OTKJIHK,  Ha  KOTOpOM  elite  B03MOXCHB  OBHO- 
3HaaHaa  oueHKa  najibHOCTH,  coaepxtHT  2  L  ot- 
caeTOB.  flna  Koppexmoro  BbiHHcjieHHH  uhkjih- 
qecKOH  CBepTKH  oh  ztoroKeH  6biTb  aonojiHeH 
HHTepBajioM,  3anojiHeHHbiM  HyaaMH,  BKjnona- 
K>meM,  Kax  MHHHMyM,  L  OTCHeTOB.  BTOpOH  cht- 
Hajr  CBepTKH  coflep>KHT  H3ayaeHHbiH  cnrHaji, 
onncbiBaeMbiH  L  oTcueTaMH,  h  nonojmeHHe 
HyjiaMH  iuihhoh  He  MeHee  3  L  otchctob.  TaxHM 
o6pa30M,  npouecc  BbiUHCJieHHH  xaxaon  oxaejib- 
HOH  CBepTKH  CBO^HTCa  K  BbIHHCJieHHK): 

1 .  KOMiuieKCHoro  cneKTpa  H3JiyuaeMoro  cHraa- 
jia  .zhihhoh  8  B  otcuctob; 

2.  KOMnaeKCHoro  cneKTpa  npHHHToro  cnmajia 
Ujihhoh  SB  otchctob; 

3.  B3aHMHoro  cneKTpa  npHHBToro  h  onopHoro 
cnrHajioB  iuihhoh  8,6  otcuctob  Kaacubm; 

4.  BpeMeHHoro  oTKJiHKa  KaK  o6paTHoro  npe- 
o6pa30BaHHH  Oypbe  B3anMHoro  cneKTpa. 
nepBbiH  mar  BbinojmaeTca  oanoKpaTHo  npn 

3anycxe  PJIC  (hjih  nocjie  xaxgnoH  oneparaBHon 
CMeHbi  cnmajia),  marn  2-4  BbinojiHaiOTca  npn 
Ka>xaoM  uHKJie  H3JiyHeHHa/npHeMa.  flan  OKM 
cnmajia,  MoayjiHpoBaHHoro  m-nocjieuoBaTejib- 
HOCTbio  ujihhoh  L=2,6-l=  65535  OTcaeTOB,  juih- 
Ha  peajiH3anHH,  no  kotophm  c  noMombio  EIlO 
paccHHTbiBaeTca  npHMoe  h  o6paTHoe  npeofipa- 
30BaHHa  Oypbe,  cocTaBHT  512  K  Tonex.  OnepaH- 
Hbl  npn  3TOM  UOJDKHbl  6bITb  KOMnJieKCHbIMH. 

H3-3a  BbICOKHX  TpeSOBaHHH  K  flHHaMHHeCKO- 
My  UHana30Hy  uh^poboto  npneMHoro  Tpaxra, 
BKJuouaiomero  b  ce6a  uh^poboh  KOHBOJibBep, 
npHxoaHTca  yqHTbiBaTb  BJiHUHHe  noTepb  tohho- 
cth  npn  BbiHHCJieHHax  Bno.  ToHHOCTb  pacnera 


receiver,  as  time  AGC.  Therefore,  the 
dynamic  range  of  the  receiver  including 
ADCs  should  make  70  dB  and  better.  The 
use  of  high-speed  12-bit  ADCs  is  typical 
in  the  radar  receivers. 

The  matched  digital  reception  of 
complex  signals  with  bases  of  order 
1 04^- 1 05  is  carried  out  by  parallel 
calculations  of  four  convolutions  of  two 
radar  responses  urj(t) ,  with  two  reference 
signals  iiti(t) ,  which  correspond  to 
components  of  the  radiated  signal  with 
duration  7\  The  convolutions  are  very 
time-consuming  procedures.  The  calcu¬ 
lation  of  cyclic  convolution  by  FFT 
method  is  an  effective  way  of  calculation 
of  such  convolutions  [4]. 

PSK  signal  with  the  base  B  is 
described  by  L  >  B  samples  at  least.  The 
maximum  radar  signal  (when  unam- 
biguos  range  estimation  is  still  possible) 
consists  of  2 L  samples.  The  correct 
calculation  of  cyclic  convolution  requires 
for  the  signal  to  be  added  by  sequence 
(L  samples  at  least)  filled  by  zeros.  The 
second  convoluted  signal  is  the  radiated 
signal  described  by  L  samples  and  added, 
at  least  by  3 L  zero  samples.  In  order  to 
calculate  convolution,  we  need  to  deter¬ 
mine  the  following 

1.  complex  spectrum  of  the  radiated 
signal  (SB  smaples); 

2.  complex  spectrum  of  the  received 
signal  (SB  smaples); 

3.  cross  spectrum  of  both  signals  with 
SB  smaples; 

4.  time  response  as  inverse  Fourier 
transform  of  the  cross  spectrum. 
The  first  step  can  be  done  once, 

when  the  radar  begins  to  operate  (or 
after  each  signal  replacement);  steps  2 
to  4  are  carried  out  during  each  cycle  of 
radiation/reception.  The  length  of  time 
series,  which  are  used  in  complex  FFT 
and  IFFT,  equal  to  512K  samples  for 
the  case  of  PSK  signal  modulated  by  m- 
sequence  (Z,=216- 1=65535). 

Strict  requirements  to  dynamic  range 
of  the  digital  receiver  and  digital  con¬ 
volver  demand  to  consider  decreasing 
accuracy  in  FFT  (IFFT)  operations.  The 
accuracy  of  integer  FFT  calculations 
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TexHimeacue  oepamwenux  npu  pecuimanuu  amopunwoe  o6pa6omKU  aiootCHbix  cuzucmoe  ... 


EIIO  Ha  uejibix  HHCJiax  3aBHCHT  ot  pa3pa#H0CTH 
onepaHAOB  h  naaaer  c  yBejiHHeHHeM  pa3Mepa 
MCXOAHOrO  MaCCHBa  [5].  ripH  TaKHX  #JIHHHbIX  Bbl- 
6opKaX  BblHHCJieHHB  npH^eTCH  BeCTH  He  Haa  ue- 
jibiMH  qncjiaMH,  a  Ha#  HHCJiaMH  c  nJiaBaiomeft 
TOMKOH,  JIH60  HCII0JIb30BaTb  64-6MTHyiO  uejio- 
HMCJieHHyio  apH(J)MeTHKy. 

AHa#H3  BbIMMCJIHTeJIbHbIX  B03MOXCHOCTeH  Cy- 
mecTByiomHx  npoueccopOB  noKa3a#,  hto  Ha  Bbi- 
HHCJieHHHX  c  rmaBaionxeM  Tomcofi  cnrHajibHbie 
npoueccopbi  cwibHo  (Ha  #ecnTHHHbiH  nopaaox) 
npourpbiBaiOT  npoueccopaM  o6mero  Ha3HaneHHa 
(npHMeHiieMbix  b  nepcoHanbHbix  KOMnbioiepax). 
McKniOMeHHe  cocraBJimoT  cneuHajiH3HpoBaHHbiH 
npoueccop  PowerFFT \  cpaBHHMbiM  no  npoH3Bo- 
XPHTejibHOcro  c  npoueccopaMH  Opteron  w  Xeon  [6]. 
Ho  #a»ce  caMbin  MomHbiH  coBpeMeHHbiH  npo¬ 
ueccop  He  cnoco6eH  BbinojiHHTb  BbinHC#eHHa  b 
pexcHMe  peajibHoro  BpeMeHH. 

PaCCMOTpHM  OC06eHHOCHT  (J)yHKHHOHHpOBa- 
h ha  PJIC  c  nojiHbiM  nojrapH3auHOHHbiM  3oh#h- 
poBaHneM  b  pe)KMMe  peajibHoro  BpeMeHH  Ha  npn- 
Mepe  PJIC  «COMESA»,  npoeicrapyeMOH  IRCTR 
t5e.Jib(j)T,  HH#epJiaH#bi)  c  yuacrneM  IRCTR-SB 
(HHH  PTC  TYCYP).  3ra  PJTC  npe#Ha3HaneHa  jm 
BepTH K3#  bHOFO  (HaKJIOHHOFO)  PJI  30H#,H pOBaHHA 
rwtpo-  Mereo-o6pa30BaHHH  (oSjiaxoB,  #ox<#h  h 
t.#.)  Ha  nacTOTe  fQ  =  3300  MIu.  JJjm  3a#auuoro 
pcBpemeiiMH  no  .oaJibHOcm  AR= 3  m  niHpHHa  cneK- 
Tpa  30HAHpyiomero  cnmana  cocraBHT  50  MTu,  ne- 
puo#  ancKperH3auHH  cHraanoB  no  BpeMeHH  cocra¬ 
BHT  t  -  10  hc.  M3  3Toro  cneayeT  BejiHMMHa  6a3bi 
cwmajia  B  =  65535. 


depends  on  the  operands  length  and 
deacreses  with  increasing  initial  file  [5]. 
In  such  case,  we  need  to  operate  with 
floating  point  numbers,  or  to  use  64- 
bit  integer  arithmetics. 


Analysis  of  existing  processors  has 
shown  that  specialized  signal  processors 
have  much  worse  characterisitcs  in 
floating  point  calculations  in  comparison 
with  ordinanry  processors  used  in  PCs. 
The  only  exception  is  specialized  pro¬ 
cessor  PowerFFT  comparable  with 
processors  Opteron  and  Xeon  [6].  But  even 
the  most  powerful  processor  is  not 
capable  to  execute  real  time  calculations 
for  radar  system. 

Let  us  consider  a  radar  with  full 
polarization  analysis  operating  in  real 
time  by  the  example  of  "COMESA" 
radar  designed  by  IRCTR  (Delft,  the 
Netherlands)  and  IRCTR-SB  (RIRS 
TUCSR).  This  radar  is  intended  for 
vertical  (slanted)  remote  sensing  of 
weather  objects  (clouds,  rain,  etc.)  at 
f=  3300  MHz.  For  the  given  range 
resolution  AR  =  3  m  and  specrum  width 
50  MHz,  time  sampling  tx  equals  10  ns. 
That  corresponds  to  base  B-6 5535. 


Taojinua.  BpeMfl  BbiMHCJieHHH  EIIO  MaccHBOB  KOMruieKCHhix  uuceji  OflHHapHoft  touhocth 


Table.  FFT  calculation  time  of  complex  number  files  of  single  precision 


Tun  npoueccop  a 
(Processor  type) 

BpeMH  pacueTa,  mc 
(Calculations  time,  ms) 

256  K  ToneK  (samples) 

AMD  Opteron  2.8  GHz 

^  5,1 

Power  FFT  100  MHz 

5,426 

10,844 

Analog  Devices  TigerSharic  TS101  250  MHz 

1300 

1500 

PacueT  ojieMeHrapHoro  MarpHHHoro  otkth- 
Ka,  coflepxautero  4B-\  oTcueTOB,  noJixeH  npo- 
H3BO#HTbCH  Ha#  MBCCHBaMH  H3  SB  =  512  K  OTCUe- 
tob.  EcrecTBeHHo,  mo  4  ajieMeura  MarpHHHoro 
oTKJiHKa,  T.e.  uerbipe  cBepTKH,  Moryr  BbiHHCJiATb- 
ch  napameJibHO.  BpeMA  BbiuucjieHHA  o#uoro  kom- 
imeKCHoro  cneicrpa  no  ajiropHTMy  BI1<J>  juw  Mac- 
cHBa  yKa3aHHOH  #nHHbi  npHBe#eHo  b  rafijiuue. 

M3  TaSjIHUbl  BH#HO,  HTO  JiyMUIHH  COBpeMeH- 
HbiH  npoueccop  cnoco6eH  BbinojiHHTb  pacueT 


Calculation  of  elementary  matrix 
response  with  4B-1  samples  is  used  over 
8i?=5 12K  samples  files.  It  is  clear  that 
four  matrix  elements,  i.e.  four  convo¬ 
lutions,  can  be  calculated  in  parallel.  The 
FFT  calculation  time  for  one  complex 
spectrum  of  a  series  with  the  given  length 
is  shown  in  the  Table. 

The  Table  data  shows  that  the  best 
modem  processor  is  capable  to  perform 
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3a  5  mc,  qro  b  4  pa3a  6ojibwe  nepnoaa  HBJiyqeHHB. 
npH  pacnapajuiejiHBaHHH  BbiqncjiHTejibHoro  aji- 
ropMTMa  oueHHBaHHH  MOP  jv ih  o6ecneqeHH3 
pe>KMMa  peajibHoro  BpeMeHH,  noTpebyeTca  6ojiee 
30  npoueccopoB  c  HaHAyqmeft  Ha  HbmeuiHHft 
MOMeHT  npOH3BOJlHTeJIbHOCTbK).  EcTeCTBeHHO,  HTO 
TaKOM  BbIMHCJIHTeJIb  peaAH30BaTb  TpyAHO. 

IIOMHMO  nepBHqHOM  06pa60TKH  PJI  OTKJIHKa 
(corJiaCOBaHHOH  tJ)HJIbTpaiIMH)  anropHTM  (J)OpMH- 
pOBaHHB  MarpHHHOrO  PJI  OTKJIHKa  MOJKCT  BKJIK)- 
qaTb  BTopHMHyK)  obpaboTKy,  HanpHMep  TOHHoe 
HoruiepoBCKoe  oueHHBaHHe.  fljrn  cjiojkhoto  cwr- 
Hajia  c  /yiHTejibHocTbK)  T  =140  mkc  (19  =  8191  h 
t0=20  hc)  H  AAHHbl  BOJIHbl  A.=  10  CM  AHana30H 
0AH03HaqH0  H3MepneMbix  AonnepoBCKHx  cxopo- 
CTeM  JiexuT  b  ,0Hana3OHe  ±1250  m/c.  3to 
03HaqaeT  bosmoxchoctb  oAH03Haqnoro  H3Mepe- 
HHB  JlOnjiepOBCKOH  CKOpOCTH  B03^yiIIH0r0  cyA- 
Ha,  CBe^yioiHero  BcrpeqHbiM  KypcoM,  c  6opTa 
Apyroro  rpaxaancKoro  cyAHa.  Pa3pemeHHe  no 
aomiepoBCKOH  cxopocTH  AVr  npH  3Tom,  ecre- 
CTBeHHO,  6yaeT  He6oAbuiHM.  flocTHaceHHe  6o;ib- 
men  ToqHocTH  npn  oneHHBaHHH  paanaubHoft 
CKOpOCTH  PJI  ofoeKTOB  B03M0XCH0  TOJIbKO  npH 
o6pa6oTKe  naqKH  (nocjie^oBaTejibHocm)  cjio>k- 
Hbix  CHmanoB.  flaa  nojiyqeHHB  ToqHocTH  one- 
HHBaHHH  ZlOnJiepOBCKOH  CKOpOCTH  =  1  m/c  B 
onncaHHOH  Bbiiue  CHTyauHH,  hcoOxoahmo  06- 
paGoTaTb  naqxy  H3  #=1250  otkahkob. 

Ilpouenypa  ToqHoro  aoruiepoBCKoro  oueHH- 
BaHHB  npoH3BOAHTcq  no  naqxe  npHHBTbix  h  06- 
pa6oTaHHbix  qeTbipbMB  coniacoBaHHbiMH  (j>HJib- 
TpaMH  OTKAHKOB.  ECAH  paCCMaTpHBaTb 
BpeMeHHbie  otkahkh,  c<}>opMHpoBaHHbie  KaambiM 
COTJiaCOBaHHHM  <j)HJIbTpOM  Ha  OTflejIbHblX  nepn- 
onax  HBJiyqeHHH/npneMa,  xax  crpOKH  MaTpmxbi,  to 
ee  crojiOubi  6yayT  conepxcaTb  nocjie^oBaTejibHO- 
cth  KOMniiexcHbix  3HaqeHHH  oahoto  3JieMeHTa 
MOP  b  HecKOJibKHX  nepHOAax  H3JiyqeHHH  h  npH- 
eMa.  PaccqHTaB  cneicrp  Oypbe  tbkhx  nocjieaoBa- 
TeAbHOCTCH,  M03CHO  C  BbICOKOH  TOqHOCTbK)  Olie- 
HHTb  AOnJiepOBCKHH  CneKTp  COBOKynHOCTH  PJI 
oObeKToB,  pacnojioxeHHbix  b  oxaeubHOM  sjieMeH- 
Te  pa3pemeHHH  no  AajibHocTH. 

3aaaHHbie  TexHHqecKHe  Tpe6oBaHHH  k  PJIC 
«COMESA»  HaAHana30H  0AH03HaqH0  H3MepaeMbix 
pajmajibHbix  cKopocreft  ( =  ±34  m/c)  h  pa3pe- 
ineHHe  no  AoiuiepoBCKOH  cxopocTH  gVr  =7  cm/c 
onpeACJiMJiH  nepHOA  (AAHTeAbHocib)  PJI  cnmajia 
r=r=1330  mkc  h  AJiHTejibHocrb  naqKH  0,67  c.  Bto- 
pHHHafl  AOIWepOBCKyiO  <J)HJIbTpaimfl  IipOH3BOAHT- 
ca  no  naqxe  H3  512  ofkjihkob.  Moiimocrb  bmuhc- 
AHrejw,  Heo6xoAHMoro  aaa  btophuhoh  o6pa6orKH, 
33BHCHT  or  npoiBMceHHocTH  HHTepecyiomero  Hac 


calculations  for  5  ms  that  4  times  much 
than  the  sounding  period.  In  the  case  of 
parallel  computing,  real  time  BSM  esti¬ 
mation  requires  more  than  30  modem 
processors  with  the  best  efficiency.  It  is 
evident  that  such  system  is  difficult  to 
realize. 

The  primary  processing  (matched 
filtering)  can  be  added  by  secondary  pro¬ 
cessing,  for  example,  estimation  of  Dop¬ 
pler  velocities.  For  complex  signal  with  T 
=140  ps  (#=8191  and  t0=20  ns)  and 
wavelengths  #=10  cm,  the  unambiguos 
Doppler  velocity  range  F/w=±  1 250  mps. 
It  allows  to  unambiguosly  measure 
Doppler  velocity  of  civil  aircrafts  mo¬ 
ving  by  opposite  course.  In  this  case  the 
Doppler  resolution  will  be  low.  The  more 
accuracy  of  radial  velocity  estimates  can 
be  achieved  only  by  burst  processing  of 
of  complex  signals.  To  achieve  the 
accuracy  of  Doppler  velocity  of  order 
1  mps  in  the  situation  above,  It  is 
neccessary  to  process  a  pulse  burst  of 
#=1250  signals. 


The  procedure  of  exact  Doppler 
estimation  is  made  on  a  pack  of  the 
responses  received  and  processed  by  four 
matched  filters.  If  one  considers  the  time 
responses  generated  by  each  matched 
filter  on  the  separate  periods  of  radiation/ 
reception  as  lines  of  a  matrix,  then  its 
columns  will  contain  sequences  of 
complex  values  of  one  element  BSM  in 
several  periods  of  radiation  and  reception. 
Having  calculated  Fourier  spectrum  of 
such  sequences,  it  is  possible  to  estimate 
with  high  accuracy  the  Doppler  spectrum 
of  the  radar  objects  set  located  in  a 
separate  range  resolution  cells. 

The  requirements  to  "COMESA" 
radar  (f/^Jar==i34  km/s,  Doppler  velocity 
resolution  aK/?=7  cm/s)  have  determined 
the  radar  signal  duration  T=t  =  1330  ps 
and  the  burst  duration  of  0,67  s.  The 
secondary  Doppler  filtering  is  perfor¬ 
med  by  burst  of  512  pulses.  The  compu¬ 
ting  power  of  a  processor  depends  on 
the  range  extent,  i.e.  numbers  of  needed 
calculations  of  exact  Doppler  spectra.  The 
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yMacnca  no  flajibHocra,  T.e.  KojiHuecrBa  BbiHHCJie-  secondary  processing  cycle  is  much  longer 
hum  roliHbix  AoiuiepoBCKMX  cneKTpoB.  BpeMH  jyin  than  matched  filtering  (1300  ms  for 
BbinojiHeHHfl  uHKjia  btophmhoh  o6pa6oTKH  cyme-  "COMESA"),  whereas  the  samples 
craeHHo  SoJibure,  new  npn  cornacoBaHHOM  npw-  length  for  spectral  estimation  is  small 
eMe  (zyifl  «COMESA»  -  1300  mc),  a  jyiHHa  pea-  (512  samples),  therefore  requirements  to 
jiH3anHH  npn  cneKTpajibHOM  oueHMBaHHH  the  secondary  processor  are  less  strict. 
HeBejiHKa  (512  OTcqeTOB),  noaTOMy  Tpe6oBaHHB  In  "COMESA"  radar,  only  one  fast 
k  ycrpoHCTBy  BTopHHHon  o6pa6oxKH  Horace.  B  PJIC  processor  is  capable  to  execute  it. 
«COMESA»  ee  MoaceT  BbinojiHHTb  ojxhh  npoH3- 
BOjiMTeji bHbi h  npoueccop. 

nPH  noBbmieHHH  BejiHHHHbi  6a3bi  cJioxKHbix  It  is  necessary  to  take  into  account, 
PJT  CHmajioB  c  uejibio  noBbiineHHfl  tohhocth  that  expenses  for  calculations  grow  not 
oneHHBaHHfl  MOP,  cjieayer  ynHTbiBaTb,  mto  3aT-  linearly,  and  are  proportional  to  a  sample 
paTbi  Ha  BbiHHcneHHH  paciyr  He  JiHHeftHO,  a  npo-  length  at  increase  of  size  of  base  complex 
nopUHOHajibHO  CTeneHH  flHHbi  BbiSopKH,  6ojib-  radar  signals  with  the  purpose  of  increase 
ureft  e^HHHirbi.  Ilo3TOMy  npejomouTHTejibHbiM  of  the  BSM  estimation  accuracy.  Therefore 
^BJifleTCH  Hcnojib30BaHHe  cnmajioB  c  MHHHMajib-  using  signals  with  minimal  possible  base 
ho  B03MoacHofi  6a3on,  rax  xax  npoM3BOAHTejib-  is  preferable,  as  productivity  of  all  modem 
HOCTb  Bcex  coBpeMeHHbix  nponeccopoB  npn  bbi-  processors  at  complex  FFT  calculation  is 
HHCJieHHH  KOMnjieKCHoro  BnO  cymecTBeHHo  h  essential  and  non-linearly  reduces  with 
HejiHHeiiHo  CHHXcaeTca  c  yBejiHueHHeM  joyiHHbi  increase  in  length  of  a  sample.  The  area  of 
BbibopKH.  06/iacTb  HaMBbicmen  BbiMHCJiHrejibHOH  the  best  computing  efficiency  of  processors 
3(J)(|)eKTHBHocTH  nponeccopoB  cooTBeTCTByeT  corresponds  to  the  sample  length  from  128 
jyiHHe  BbiSopKH  ot  128  jio  8  K  OTCMeTOB  [7].  up  to  8  K  points  [7]. 

HecMOTpa  Ha  nepeuHCJieHHbie  TpyuHocra  Despite  of  the  difficulties,  mono- 
MOHOHMnyjibCHoe  H3MepeHHe  b  HacToamee  Bpe-  pulse  BSM  measurement  is  now  possible. 
MH  MOP  B03MQHCH0.  IIpH  3T0M  Ha  ^aHHOM  axane  However,  at  the  given  stage  it  is  necessary 
pa3BHTHH  BbiHHCjiHTejibHbix  cpe^cTB  npnaeTCB  to  divide  real  time  processing  into  such 
oTKa3aTbca  ot  HenpepbiBHoro  oueHHBaHHB  b  pe-  steps  as  registration  and  processing. 
ajibHOM  BpeMeHH  h  pa3aejiHTb  ero  Ha  zme  uacru  -  Registration  is  understood  as  radiation 
pemcTpauHio  h  o6pa6orKy.  IToa  perHcrpauHew  and  subsequent  reception  of  one  or 
noHHMaeTca  H3JiyueHne  h  noc^e^yiomHH  npweM  several  radar  signals  (burst)  with  digi- 
ojiHoro  hjih  HecKOJibKHx  PJI  OTKJiHKOB  (nauxn)  tizing  the  received  signals  .  Processing  is 
c  coxpaHeHHeM  npHHHTbix  cnrHajioB  b  HH(f)po-  made  after  burst  registration.  Its  duration 
Boft  (J)opMe.  06pa6oTKa  npoH3Bo/niTCH  no  3aBep-  will  depend  on  computing  power  of  the 
uieHHio  perHCTpauHH  nauxu.  Ee  npoziojDKHTejib-  processor.  The  registration  cycle  will  be 
Hocrb  6yAeT3aBHcerb  or  moiuhocth  Hcnojib30BaH-  1,3  sec  for  the  "COMESA"  radar,  and 
Horo  BbmucjiHTeJiH.  fljm  «COMESA»  uhkji  the  operation  cycle  of  single  processor 
peracrpaitHH  3aHMer  1,3  cexymtbi,  a  unxn  o6pa-  PC  (Intel  Xeon  2.8  GHz)  will  take  about 
6otkh  oflHonpoueccopHow  3BM  Ha  6a3e  Intel  30  seconds.  The  processing  time  can  be 
Xeon  2,8  ITu  6yaeT  AJiHTbca  okojio  30  cexyum.  reduced,  for  example,  by  using  standard 
npH  HeoOxoaHMocTH  BpeMH  o6pa6oTKH  Moacer  multi -processor  PC.  The  burst  data  accu- 
6biTb  cHHxceHo,  HanpHMep,  npw  HcnoJib30Ba-  mulation  is  made  in  RAM  of  the 
hhh  cepHHHbix  MHoronpoueccopHbix  3BM.  Ha-  processor.  For  "COMESA"  radar  tha 
KoroieHne  aaHHbix  npw  perHCTpauHH  nauxn  npo-  RAM  should  be  4  Gb. 

H3BOAHTCH  B  03Y  BblHHCJIHTeJIH ,  o6l>eM  XOTO- 
poro  6yaer  HMeTb  BnonHe  npHeMJieMbiM.  fln a  PJIC 
«COMESA»  oh  cocTaBJiHeT  4  T6aftT. 
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Design  of  a  radar  receiver  with  full  (mono  ¬ 
pulse)  polarization  sounding  and  IF  digital 
signal  processing  is  suggested.  Features  of 
direct  IQ-components  demodulation  from 
IF  signals  are  considered.  Restrictions  of 
modem  processing  devices  are  analysed 
for  the  case  of  matched  real-time  filtering 
of  complex  signals  with  large  bases 


CoBpeMeHHbie  pa#H0ji0KauH0HHbie  MeTQZibi 
Tpe6yiOT  JiHHewHOM  o6pa6oTKH  npuHHMaeMbix 
cwrHaJiOB  b  flHHaMHHecKOM  zmana30He  nopajOKa 
80-^90  nE.  B  PJIC^HcraHuaoHHoro  3ormHpoBaH hb 
Hecra6mibHbix  pacnpeAejieHHbix  oEbcktob  c  o,a- 
HOBpeMeHHblM  OljeHHBaHHeM  3JieMeHTOB  MaTpH- 
Ubi  oSpaTHoro  pacceaHHB  Hcnojib3yiorcH  cjio)k- 
Hbie  CHrHajlbl  /UtHTeJIbHOCTblO  fleCHTKH  H  COTHH 
MKC  C  UJHpHHOH  CneKTpa  fleCHTKH  H  COTHH  MFu. 

06pa6oTKa  cHTHanoB  b  TaKHX  PJIC  hbjibiotch  ko- 
repeHTHOH,  a  floruiepOBCKaa  (J)HBbTpauHB  ncnojib- 
3yeTca  win  pa3peiueHHH  KOMnoHeHT  pacnpe^e- 
jieHHbix  PJI  oEbcktob.  06ecneneHHe  bbicokoh 
AHHaMHKH  npneMHoro  rpaicra  c  KBaapaTypHoft  06- 
paSoricoft  bo3mo>kho  TOJibKO,  ecjiH  ero  c/tejiaTb 
npaKTHMeCKH  nOJIHOCTblO  UH(f>pOBbTM. 

B  nocne/mee  BpeMfl  hhtchchbho  pa3BHBaiOT- 
ch  MeTOflbi  ^eMOAyii^UHH  KOMnjieKCHOH  orw6a- 
jomen  paanouacTOTHoro  ch  maria,  KOTopbiH  oxa- 
3ajiHCb  nojie3HbiMH  npH  nocipoeHHH  PJI  TpaKTOB 
npHewa  c  pacuiHpeHHbiM  aHHaMHHecKMM  ana- 
na30H0M.  Bxoahhm  cHraanoM  y3Jia  uh^poboh 
aeMoayjrauHH  KBa^parypHbix  KOMnoHeHT  bbjib- 
eTCB  paflH oh acTOTH bi m  cwmaji  FTC,  or<})HJibTpo- 
BaHHblfi  nOJIOCOBbIM  $HJIbTpOM  (/4,  pHC.  1). 

riepBaa  CTaxtHH,  T.e.  aeMyjibTHiuieKCHpoBa- 
HHe,  cBOflHTca  b  npoueaype,  ocymecTBJiaeMOH 


Modem  radar  methods  demand  the 
linear  processing  of  received  signals  wi¬ 
thin  80-^90  dB  dynamic  range.  In  radar 
remote  sensing  of  non-stable  distributed 
objects  with  using  the  simultaneous  esti¬ 
mation  of  all  elements  of  the  backscattering 
matrix  (BSM),  complex  signals  with 
duration  of  tens  and  hundreds  jus,  and 
tens  and  hundreds  MHz  spectrum  width 
are  used.  The  processing  of  such  signals  is 
coherent,  and  Doppler  filtering  is  used 
to  select  components  of  distributed  radar 
objects.  The  high  dynamics  of  the  receiving 
channel  with  /^-processing  is  possible 
only  for  completely  digital  channel. 

Recently,  methods  of  demodulation 
of  complex  envelopes  of  RF  signal  which 
became  useful  in  designing  radar  recei¬ 
vers  with  expanded  dynamic  range  have 
been  intensively  developed.  Input  signal 
for  /Q-component  digital  demodulator 
is  a  radio  frequency  IF  signal  filtered  by 
band -pass  filter  (A,  Fig.  1). 

The  first  stage  (de- multiplexing)  is 
reduced  to  procedure  carried  out  in  the 
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b  npocTeHineM  cjiynae  naji  qeTBepKou  nocne- 
HOBaTejIbHO  B3HTBIX  OTCHeTOB  cHrHajia  S{,  Sr 
Sy  SA,  me  S.  =  SZ  i  l.  Ilpn  3TOM  oueHKH  KBaa- 
paryp  bbihhcjihiotch  KaK  I^S^Sy  Q=S2-SA. 
OaKTuqecKH  npoH3BOAMTca  flBe  onepanHH 

-  pa36weHHe  4  oTcueTOB  Ha  ueTHbie  h  HeueT- 
Hbie,  T.e.  Ha  2  napbi; 

-  BbiHHTaHHe  H3  nepBoro  oTcneTa  KaagtoH 
napbi  BToporo  oTcueTa. 

Ha  nocne/meM  axane  aeMQuyjiamiH  npoH3Bo- 
4HTCH  HH3KOqaCTOTH afl  (j>HJIbTpaiIH5L  II pH  3T0M 
noaaBJiHiOTCB  3epKajibHbie  KOMnoHeHTbi  cneKTpa. 


simpliest  case  above  four  consistently 
sampled  signal  samples:  Sr  S2,  Sy  SA, 
where  S.  =  S  Z'.M.  Thus,  the  quadrature 
estimates  are  calculated  as  I=S{-Sy  Q=S2- 
SA.  In  fact,  two  operations  are  performed 

-  separation  4  samples  into  even  and 
odd,  i.e.  into  2  pairs; 

-  subtraction  the  second  sample  of 
pairs  from  the  first  samples. 

At  the  last  stage  of  demodulation  LF 
filtering  is  performed,  which  suppresses 
mirror  components  of  the  spectrum. 


Phc.  1.  Uu^poBOH  fleMOflyjiHTop  KBanpaiypHbix 
KOMIIOHeHT 

Fig.  1.  Digital  demodulator  of  quadratures 


HeJiHHeMHOCTb  UHcJ)poBoro  aeMoayjjHTopa 
npaKTHMecKH  nojiHocrao  onpe^eaaeTca  HenH- 
HeHHOcTbio  Ami.  YpoBeHb  napa3HTHOH  rapMO- 
HHKH,  XapaKTepH3yiOmHH  HeJIHHefiHOCTb  3-ro 
nopH^ca,  ana  jiyuniHX  aHaaoroBbix  aeMoaynaTo- 
poB  cocraBJiaex  -40  aE,  ypoBeHb  nofiouHbix  rap- 
MOHHK  COBpeMeHHbIX  A II II  COCTaBJIHeT  -70  aB  H 
MeHee.  Hajiume  TaKHX  npeHMymecTB  npHBeao  k 
noaBJieHHio  b  nocjieaHHe  3  roaa  cepHfiHbix  EHC 
6bICTpOaeHCTByiOmHX  AHII,  OnTHMH3HpOBaHH  bIX 

ana  paOoTbi  no  cHraajiy  nM  [1,  2],  h  EHC  uhcI)- 
poBbix  cJ)unbTpoB  [3],  ocymecTBJiaiomHX  Bbiae- 
aeHne  KBaaparypHbix  KOMnoHeHT  H3  BbixoaHoro 
noTOKa  aaHHbix  Alfll  [3,  4],  KBanryiomero  pa- 
aHouacTOTHbiH  curciaji. 

npH  (J>OpMHpOBaHHH  KBaapaTypHHX  KOMno¬ 
HeHT  Ha  m  ee  3HaneHHe  IF  cBa3aHO  c  qacTo- 
TOH  KBaHTOBaHHa  Alin  fs  H  nOJIOCOH  BXOaHOTO 
CHTHajia  A F  cooTHomeHHeM 


Nonlinearity  of  the  digital  demodu¬ 
lator  is  practically  fully  determined  by 
ADC  nonlinearity.  The  level  of  parasitic 
harmonics,  describing  nonlinearity  of  3-rd 
order,  for  the  best  analog  demodulators 
makes  -40  dB,  the  level  of  spur  harmonics 
for  modem  ADC  makes  -70  dB  and  less. 
During  the  last  3  years,  such  advantages 
have  resulted  in  serial  LIC  of  high-speed 
ADC,  optimized  for  work  with  IF  signal 
[1,2],  and  LICs  of  digital  filters  [3]  which 
form  IQ-  components  from  output  ADC 
data  flaw  [3,  4]  quantizing  RF  signal. 


While  forming  IQ-components  at  IF, 
its  value  IF  is  connected  with  ADC 
sampling  frequency  fs  and  input  signal 
bandwidth  AF  as  follows 


fs  =  4IF/(2M -\),  M  =  1,2,3...,  fs/2<2AF 


3HaueHHe  Hecymefi  FTC  He  o6tf3aTejibHo  zioji- 
)kho  6birb  b  4  pa3a  rorace  qacroTbi  KBaHTOBarora 
Alin.  Herbipe  oxcnexa  aojdkhli  npOH3BO,HHTbCH  3a 
Heuemoe  hhcjio  nepno/xoB  fTH,  T.e.  1,  3,  5  h  T.a. 


The  IF  value  is  not  necessarily  be  4 
times  lower  than  ADC  sampling  frequency. 
Four  samples  should  be  made  for  odd 
number  of  IF  periods,  i.e.  1,  3,  5,  etc. 
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fleMOflyjmuHH  b  nepBOH  30He  HaHKBHcra  HeBbi- 
roAHa,  t.k.  npn  stom  pe3Ko  B03pacTai0T  Tpe6o- 
BaHHH  k  6bicTpoaeiicTBMK)  (BpeweHM  npeobpa- 
30BaHHfl)  AUIT.  B  nepBOH  30He  HaMKBHCTa 
qacTora  KBaHTOBaHHH  ALjn  noJDKHa  6biTb  b  4 
pa3a  Bbinie  Hecymen,  juw  3ohbi  HaMKBMcra  N  Tpe- 
byewaa  uacroTa  TaicrHpoBaHHH  AUFI  Fs„  6yaeT 
Hime,  qeM  juw.  cjiyuaa  nepBOH  3ohm.  Jim  rJI  cnr- 
Hajia  c  nojiocoH  50  MTu  h  Hecymen  400  MIX 
qacroTa  TaKTHpoBan  mb  AU,IT  juih  4-oh  3ohh  HaM¬ 
KBHCTa  cocTaBHT  230  Mru. 

YKa3aHHbiM  cnoco6  BbwejieHHa  KBa^parypHbix 
KOMnoHeHT  HMeer  cymecTBeHHbiM  He^ocxaTOK. 
OpToroHaribHOCTb  ccfiopMHpoBaHHbix  KBaapaTyp 
a6cojnoTHa  TOjibKO  npH  paBeHCTBe  qacTOTbi 
Bxo/jHoro  cwmajia  Hecymen.  ripn  BBeaeHHH  qac- 
tothom  oTCTpoMKH  npoHcxoflHT  paccorjiacoBaHHe 
KBa^paTypHoro  6a3wca  aeMoayjiaropa  oTHOCMTCJTb- 
ho  qacTOTbi  BXOAHoro  cnrHajia.  npH  H3MepeHHH 
KBauparypHbix  KOMnoHeHT  /-oh  cneicrpajibHOM 
KOMnOHeHTH,  aScOJIIOTHaa  OTCTpOMKa  KOTOpOM 
no  qacTOTe  paBHa  A f.  oTHocHTejibHO  Hecymew 
f ,  HTO  Bead  K  B03HHKH0BeHHK)  tj)a30B0M  OIHH- 

6ok  Acp,  BejiMMHHa  Koropbix  paBHa  A(p  =  2ttA f./f^ 
-2nbfi  (pnc.  2). 


Demodulation  in  the  first  Nyquist  zone  is 
unprofitable,  since  such  requirements  to 
ADC  speed  (its  time  of  transformation) 
sharply  grow.  In  the  first  Nyquist  zone  ADC 
sampling  frequency  should  be  4  times  higher 
than  carrier,  for  the  N-t h  zone  the 
required  FSN  will  be  less  than  for  the  first 
zone.  For  radar  signal  with  50  MHz 
bandwidth  and  400  MHz  carrier,  ADC 
sampling  frequency  equals  to  230  MHz 
for  the  4-th  Nyquist  zone. 

The  given  way  of  IQ-components 
demodulation  has  essential  drawback.  The 
quadratures  orthogonality  is  ideal  only  for 
equal  frequencies  of  input  signal  and  carrier. 
The  frequency  offset  leads  to  quadrature 
basis  mismatching  of  the  demodulator 
relatively  frequency  of  the  input  signal.  At 
measurement  of  IQ-component  of  i-th 
spectral  component,  which  absolute 
frequency  offset  equals  to  A fr  there 
appears  a  phase  error  Acp  =  2nA  f.Jf0  =  2^8^ 
(Fig.  2). 


Phc.  2.  Cnemp  cnraajia  c  3epKajibHbiM  H3o6paxeHneM  npn 

HaCTOTHOft  OTCTpOHKe  1%  (F  -  OTHOCHTeJIbHaa  MOIUHOCTb) 

Fig.  2.  Signal  spectrum  with  mirror  image  at  1%  frequency  shifting  (P* 
is  relative  power) 


HajiMune  cJ>a30Bofi  oiiih6kh  npH  KBaapaTyp- 
HOft  aeMOayJIHUHH  npHBOnHT  K  B03HHKHOBeHHK) 
3epKajibHOM  KOMnoHeHTbi  b  cnexrpe  oueHOK 
KBaapaiypHbix  KOMnoHeHT,  orcyrcrByiomeH  b  cnex- 
Tpe  aHajiH3MpyeMoro  cwmajia.  Bjihhhhc  cJ>a30Bbix 
oiuh6ok  xopouio  H3yueHO  [4].  OmocHreJibHbifr  ypo- 
BeHb  3epKajibHOH  cocraBJunomeH  cnexipa  L,  Bbi3- 
BaHHou  4>a30B0M  ouih6koh  Acp,  onpeaejiaeTCH 
OTHomeHMeM 


The  phase  error  results  in  appearence 
of  mirror  component  in  the  spectrum  of 
IQ-component  estimates.  The  influence  of 
phase  errors  is  well  investigated  in  [4].  The 
relative  level  of  the  mirror  component 
caused  by  the  phase  error  Acp  is  defined 
by  the  relation 


1  =  20- Ig 


1  +  e 


±yA<p 


l-e 


±jA<p 


OTCioaa  HeTpyaHo  HaiiTH  BbipaxeHHe  joyia  It  is  easy  to  find  expression  for 
aonycTHMOH  BeJiHMHHbi  qacTOTHOM  oTCTpoMKH  acceptable  frequency  offset 
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8fi  =cos''(l-0.5-10i/20)/27c. 


Ha  pwc.  3  npwBeaeHa  3aBHCHM0CTb  MaKCH- 

MajIbHO  flOnyCTHMOH  OTHOCMTeJIbHOM  qaCTOTHOH 
OTCTpOHKH  OT  flOnyCTHMOTO  ypOBHH  3epKajIbHOH 
cneKTpajibHOM  KOMnoHeHTbi. 


Figure  3  shows  dependence  of  maxi¬ 
mum  allowable  relative  frequency  offset 
versus  allowable  level  of  the  mirror 
spectral  component. 


4f% 

18  | - 
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0  -20  -40  -60  JL,  dB 


Phc.  3.  MaKCHMaJibHaa  qacTOTHaa  oTCTpofiKa  b  3aBHCHMOCTH  ot  oTHOCHTejibHoro 
ypoBHa  3epKajibHOM  KOMnoHeHTbi 

Fig.  3.  Maximum  frequency  shifting  versus  relative  level  of  image  frequency 


Hto6m  OTHOCHTeJIbHblH  ypOBeHb  3epKaJIbHOH 
KOMnoHeHTbi  He  npeBbiiuaji  -60  flE,  HeoOxoau- 
mo  oSecneHHTb  qacTOTHyio  oTcrpoHKy  He  donee 
0,5%  ot  Hecymeif.  CjienyeT  oTMeraTb,  hto  yxa- 
3aHHan  onm6Ka  B03HHKaeT  npw  H3MeHeHHH 
MrHOBeHHon  qacTOTbi  aHanH3HpyeMoro  cnmana. 
BwcoKHe  TpedoBaHHH  k  paapemeHHio  no  nanb- 
hocth,  npentHBjineMbie  k  coBpeMeHHbiM  PJIC, 
b  tom  HHCJie  n  nojiHpHMeTpHuecKHM ,  onpeflejia- 
iot  uinpoKHe  nonocbi  ncnojib3yeMbix  b  hhx  cht- 
HanoB  -  ot  50  no  500  Min.  rioaTOMy  uh^poboh 
MeTon  BbineneHHB  KBanpaTypHbix  KOMnoHeHT 
MajionpnroneH  nan  ncnojib30BaHHa  b  npneMHbix 
Tpaicrax  PJIC  c  umpoKononocHbiMH  CHmanaMH 
JIHM.  JJj ia  BbinejieHun  KBaaparypHbix  KOMnoHeHT 
nmpoKonojiocHoro  cHmajia  J1HM  b  uh^pobom 
Tpaicre  cnenyeT  Hcnonb30BaTb  niHpoKonojiocHbm 
BH  4>a30BpamaTenb.  BjinnHHe  qacTOTHon  ot- 

CTpoftKH,  BbI3BaHHOH  flOnJiepOBCKHM  CABHTOM 
cneicrpa  OTpaaceHHoro  cHTHana,  HeBejiHKo.  Ha- 
npHMep,  nortnepoBCKHH  cnBHr  PJ1  oTpaxcaTejia 
co  cKopocTbio  3M  He  npeBbiuiaeT  necHTKOB  kTix 
nna  caHTHMeTpoBbix  nnana30HOB. 

PaCCMOTpHM  UH(})pOBOH  npHeMHHK  nOJIBpH- 
MeTpHHeCKOil  PJIC  C  OflHOBpeMeHHbIM  H3Mepe- 
HHeM  MOP  Ha  npHMepe  npneMHoro  Tparra  PJIC 
«COMESA»,  KOTOpaa  co3naeTca  b  IRCTR 
TUDelft  (flejib<i>T,  FojiJiaHflHfl)  npn  aKTHBHOM 
yqacmH  IRSTR-SB  (HHH  PTC  TYCYP,  Tomck). 
Ha  pHC.  4  noKa3aHa  cTpyKrypHaa  cxeMa  m«I)po- 
boto  npneMHHKa. 


The  frequency  offset  less  than  0.5% 
should  be  realized  in  order  to  obtain 
the  relative  level  -60  dB  of  the  mirror 
component.  The  given  error  arises  under 
changing  instant  frequency  of  the  analyzed 
signal.  High  requirements  to  range  reso¬ 
lution  in  modem  radars,  including  polari- 
metric  systems,  determine  wide  spectrum 
(50  to  500  MHz)  of  the  signals.  Therefore, 
the  digital  method  of  /Q-components 
demodulation  can  not  be  used  in  radar 
receivers  with  UWB  FM-CW  signals.  It 
is  necessary  to  use  broadband  HF  phase 
shifter  for  IQ-component  demodulation 
of  broadband  FM-CW  signal  in  a  digital 
receiver.  The  frequency  offset  influence 
caused  by  Doppler  shift  of  the  reflected 
signal  spectrum  is  insignificant.  So,  the 
Doppler  shift  of  a  radar  reflector  with 
3M  velocity  does  not  exceed  tens  kHz 
for  X-band. 


Let  us  consider  digital  receiver  of  the 
’’COMESA"  radar  which  is  under 
construction  in  IRCTR  (TUDelft,  the 
Netherlands)  with  active  participation  of 
IRSTR-SB  and  RIRS  TUCSR.  Block 
diagram  of  the  receiver  is  shown  in  Fig.  4. 
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OcoGeHHOcraMH  stoto  npneMHHxa  fmamorcH: 

-  npawaa  ixHtjjpoBaa  ^eMOj^/irauMa  KBanpaiypHbix 
KOMnoHem; 

-  pa3#e/ieHHe  npoue^yp  perncTpauHH  h  o6pa- 
60TKH  BeKTOpHOro  PJ1  OTKJIHKa; 

-  B03M05KH0CTi>  paSorbi  no  paaJiHHHbiM  miac- 
caM  cHmajioB; 

-  peanH3auHH  o6pa6oTKH  b  peaabHOM  BpeMeHH 
npH  pa6ore  c  JIHM  CHraajiaMH. 

B  PJIC  npe^ycMaTpHBaeTCH  bo3moxchoctb  hc- 
n0JIb30BaHMH  npaKTHMeCKM  mo6b]X  30HBHpyiOmHX 
CHraanoB,  niHpHHa  cneicrpa  KOTopbix  He  npe- 
BbimaeT  50  MTu  c  6a30H  ,ao  217. 

HecMOTpa  Ha  npHHUHnwajibHbie  HeaocraT- 
KH,  BbI3BaHHbie  HeB03M0)KH0CTbK>  OjaH03Ha4HOrO 
OUeHHBaHHB  flajIbHOCTH  H  flOITJiepOBCKOft  CKopo- 
cth,  oahoh  H3  nojie3Hbix  ocoGeHHOCTew  JIHM 
cwrHajioB  HBaaeTca  B03MoxcHocTb  opraHH3auHH 
hx  comacoBaHHoro  npweMa  b  pexcHMe  peajibHO- 
ro  BpeMeHH.  OHa  3aioiKmeTCH  b  BbmejieHHH  cnr- 
HaJIOB  6HeHHH  Mtymy  H3JiyMeHHbIM  H  npHHHTbIM 
JIHM  cHmaaoM  h  ero  nocjie^yiomero  cneicrpajib- 
Horo  aHajiH3a.  PaccuHTaHHbifi  cneicrp  cHraajia 
6weHHft  npe,acTaBJiaeT  co6ofi  oueHKy  PJI  otkjih- 
Ka  Ha  ojxhom  nepHo^e  H3JiyueHHH.  TaKaa  cxeMa 
Hcnojib30Bajiacb  b  npneMHbix  TpaKTax  PJIC 
«DARR»  h  «TARA»,  C03£aHHbix  b  IRCTR  b  90-e 
ro^bi  h  npe,nHa3HaHeHHbix  wn  BepTHKajibHoro 
30HBHpoBaHMH  oSjiaKOB  h  oca^KOB.  OuihSkh  ko- 
OpOTHaT,  B03HHKaK)IHHe  npH  3OH^Hp0BaHHH 
BepTHKajibHbix  cjioeB,  H3-3a  Majibix  pa^wajibHbix 
CKopocTew  3JieMeHTapHbix  oTpaxcaTejien,  o6pa~ 
3yJ01HHX  3TH  CJIOH,  OTHOCHTejIbHO  HeBeJIHKH  H 
He  HB/raiOTca  npHHUHnnajibHbiMH  b  aaHHbix 
npHioiajmbix  3aaauax.  Ha  pnc.  5  npHBeaeHa  cxe¬ 
Ma  BbiHHCJiHTejia  peaubHoro  BpeMeHH,  <J)opMH- 
pyiomero  nepBHHHbie  PJI  otkjthkh,  cootbct- 
CTByromne  ueTbipeM  3JieMeHTaM  MOP. 

npoue^ypa  <J)mibTpauHH  cnraanoB  Ghchhh 
BbinojTHaer  tJjyHiajHio  cejieKUHH  no  ^aiibHocTH  h 
no3BOJiaeT  cHH3HTb  noaocy  cHnrajioB,  aHaaH3H- 
pyeMbix  Oypbe-npoueccopaMH  no  bcjihhhh,  no- 
3BoaaiomHX  o6pa6aTbiBaTb  hx  cymecTByiomHMH 
cpe^cTBaMH.  TaKoe  pemeHne  HBJiaeTca  npneM- 
aeMbiM  KOMnpoMHccoM,  noTOMy,  hto  oth  pe- 
rneHHH  npMKJiaxiHbix  3a,aaH  flHcxaHUHOHHoro  3oh- 
BHpoBaHHH  He  Tpe6yeTca  aHajiH3HpoBaTb  Becb 
anana30H  ^ajibHocreH.  HanpHMep,  jyin  30HAHpo- 
BaHHH  o6;iaKOB  h  oca^KOB  nojiapHMeipHaecKOH 
PJIC,  pacnojioxceHHOH  Ha  noBepxHocTH  3eMJiH, 
AocTaTOHHbiM  HBJiaeTca  AHana30H  AajibHocTeh 
O-i-6  km,  hto  no3BOJiaeT  CHH3HTb  nojiocy  aHajiH- 
3HpyeMoro  cnrHajia  6neHHft  c  50  jx o  1,6  Mru  h 
peajiH30BaTb  HenpepbiBHyio  o6pa6oixy  b  pe)KH- 
Me  peajibHoro  BpeMeHH. 


Its  features  are  the  following 

-  direct  digital  demodulation  of  IQ 
components; 

-  separation  of  registration  and  pro¬ 
cessing  of  the  vector  radar  signal; 

-  possibility  to  work  with  various  sig¬ 
nals  classes; 

-  realization  of  real  time  FM-CW 
signals  processing. 

The  radar  provides  a  possibility  to  use 
any  sounding  signals,  which  spectrum 
width  does  not  exceed  50  MHz  and  base 
is  less  217. 

In  spite  of  basic  drawbacks  caused  by 
impossibility  of  unambigous  estimation  of 
range  and  Doppler  velocity,  one  of  the 
useful  features  of  FM-CW  signals  is  the 
opportunity  to  organize  their  real  time 
matched  filtering.  It  consists  of  receiving 
of  beat  signals  between  the  radiated  and 
received  FM-CW  signals  and  its  subsequent 
spectral  analysis.  The  calculated  spectrum 
of  the  beat  signal  represents  the  estimate 
of  radar  response  within  one  period  of 
radiation.  Such  technique  was  used  in 
"DARR"  and  "TARA"  radars  designed  in 
IRCTR  in  the  nineties  and  intended  for 
vertical  sounding  of  clouds  and  rains.  The 
coordinate  estimation  errors  arising  while 
sounding  vertical  layers  are  rather  small 
and  do  not  lead  essential  problems  be¬ 
cause  of  small  radial  velocities  of  elemen¬ 
tary  reflectors  consisting  these  layers. 
Figure  5  shows  processing  unit  for  real 
time  forming  the  initial  radar  responses, 
corresponding  to  four  BSM  elements. 


The  filtering  procedure  of  beat  signals 
carries  out  range  selection  and  allows  to 
decrease  bandwidth  of  signals  analyzed 
by  Fourier-processors.  Such  design  is  a 
comprehensible  compromise,  since 
applied  problems  of  radar  remote 
sensing  do  not  require  to  analyze  all 
possible  range.  For  example,  range  from 
0  to  6  km  is  sufficient  for  sounding  of 
clouds  and  rains  by  ground-based 
polarization  radar,  that  allows  to 
decrease  the  spectrum  width  of  the 
analyzed  beat  signal  from  50  MHz  to  1.6 
MHz  and  realize  continuous  real  time 
processing. 
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Stage  1 


Slagc2 


Stagc3 


Slagc4 


integer  beat 
forming 


Real 

floating-point 
number  forming 


Real 

floating-point 
number  forming 


Real 

forward 

FFT 


Phc.  5.  06pa6oTKa  J1HM  curHajiOB  b  uHthpoBOM  TpaKTe  nojwpimuHOHHOM 
PJIC  C  ORHOBpeMCHHblM  M3MepeHHeM  MOP 
Fig.  5.  LFM -signals  processing  in  the  digital  receiver  channel  of  polarization 
radar  with  simultaneous  measurement  of  BSM's  elements 

Yajibi  CTyneHefl  u.M(J)poBoro  (JxjpMHpoBaHHa  The  units  of  digital  formation  of  the 
cHraajioB  6neHMH,  hx  (JnuibTpamw  w  nepeBO,aa  beat  signals,  their  filtering  and  translation 
b  <J)opMaT  c  ruiaBaiomeH  tohkom  (1-3,  pnc.  5)  to  floating  point  data  (1  -  3,  Fig.  5)  can  be 
MOiyr  6biTb  cnpoeKTHpoBaHbi  h  3anporpaMMH-  designed  and  programmed  with  using 
pOBaHbi  b  npocTpaHCTBe  BeHraneft  coBpeMeHHbix  gates  of  modem  FPGA.  The  calculations 
nJIM.  PacueTbi  n 0Ka3WBaK)T,  hto  BbiHHCJiHTejib  show  that  real  time  computing  device, 
peajibHoro  BpeMeHH,  cnocobHMH  ocymecTBJWTb  capable  to  process  FM-CW  signals,  can 
o6pa6oTKy  cHmajiOB  npw  npneMe  JIHM  enraa-  be  realize  on  standar,  though  also  4- 
jiob,  Bnojme  peajiH3yeM  Ha  cepHHHOH,  xora  h  4-  processor,  PC.  Exact  Doppler  estimation 
npoueccopHoft  3BM.  TouHoe  flormepoBCKoe  one-  is  provided  with  one  processor  system 
HHBaHHe  obecneuHBaeTCB  o/xhhm  npoueccopoM  Pentium  4  (3  GHz). 

KJiacca  Pentium-4  3  rru. 
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npHBe,aem>T  crpyKTypHaa  cxeMa  h  xapaicre- 
pHCTHKH  HeKOrepeHTHOH  nOJIHpH3aUMOHHOM  PJIC 
3-cm  AHana30Ha  pjin  H3MepeHHn  MaTpmjbi  pac- 
cennm  uejiM  KocBeHHbiM  MeroflOM.  PJIC  Hcnoiib- 
3yeT  jyix  H3JiyMeHHH  h  npneMa  pa^HOJioKauHOH- 
Hbix  curHajTOB  TpH  nojrapH3auHOHHbix  6a3Hca: 
KpyroBoft  nojiflpH3auHOHHbiH  6a3nc,  jinHeitHbiH 
nOJIHpH3aUHOHHbIH  6a3HC  BepTHKanbHOH  H  ro- 
pH30HTajibH0H  nojrapH3auHft  HajiyuaeMoro  h  npH- 
HHMaeMoro  CHrHajioB,  a  xaioKe  JiHHeHHbiH  no- 
jiHpH3auwoHHbiM  6a3HC  CHrHajioB,  H3jiynaeMbix 
h  npHHHMaeMbix  noa  yrnoM  ±45°.  IlepeKjrioqeHHe 
nojmpH3aiiHn  nanyuaeMoro  cnmana  npoH3BoaHTca 
nocJieaoBaTejibHo  bo  BpeMeHH.  npHeM  curHajTOB, 
orpaxceHHbix  uejibio,  npon3BoaHTca  napajuiejib- 
ho,  He  MeHee  qeM  no  4-m  KaHajiaM  npneMa  nojin- 
pH3anM0HHbix  KOMnoHeHT  orpa*:eHHoro  cnrHajia. 

Hjin  H3MepeHHa  xapaicrepHCTHK  paccenHHH 
uejiefi  b  BH^e  nojrapH3auHOHHoft  MaTpnnbi  pac- 
ceHHHfl  b  neKorepeHTHbix  PJIC  Hcnoxb3yercH  koc- 
BeHHbin  MeToa,  H3MepeHHa  napaweTpoB  MaTpmjbi 
pacceaHHH  uejin,  3aKJnouaioiUHHCfl  b  nocjieflOBa- 
TejlbHOM  M3MepeHMH  OTHOCHTeJIbHOrO  ypOBHfl 
MOIUHOCTM  OTpaxeHHOM  SJieKTpOMarHHTHOH 
(3M)  BOjiHbi  Ha  pa3Hbix  BUjxax  noJwpH3auHH  H3- 
jiynaeMbix  h  npHHHMaeMbix  PJIC  3M  bojih. 

CTpyKTypH asi  cxeMa  HeKOrepeHTHOH  nojra- 
pH3auHOHHOH  PJIC  npHBeaeHa  Ha  phc.  L 

PJIC  nocjieaoBaTejibHo  bo  BpeMeHH  H3JiyuaeT 
30H^HpyioiHHe  cHrHanbi  6  bh#ob  noJiapH3auHH 
3JieKTp0MarHHTH0H  bojihm:  KpyroBan  nojrapH3a- 
UHH  JieBoro/npaBoro  BpameHHJi;  jiHHeHHaa  Bep- 
THKajibHait/ropH30HTajibHaH  nojrapH3auHfl  h  jih- 
HeHHaa  nojrapH3airHfl  c  ynioM  HaioioHa  +45/-450. 
IIpneM  CHmajioB,  OTpaaceHHbix  uejibio,  npoH3- 
boahtcb  napajuiejibHo  no  6  KaHajiaM  npneMa  no- 
ji5ipH3auHOHHbix  KOMnoHeHT  OTpaaceHHoro  cnr- 
Hana:  KpyroBaa  nojiapH3auH«  JieBoro/npaBoro 


In  the  paper,  block  diagram  and  per¬ 
formance  of  X-band  non-coherent  pola- 
rimetric  radar  used  for  indirect  measure¬ 
ments  of  radar  objects  backscattering 
matrix  are  presented.  The  radar  uses  the 
following  polarization  bases  for  radiation 
and  reception  of  signals  -  circular,  linear 
(vertical  and  horizontal  polarizations), 
and  ±45°  rotated  linear  polarization  basis. 
Polarization  switching  of  radiated  and 
received  signals  is  performed  in  pulse- 
to-pulse  mode.  The  reception  of  signals 
reflected  by  radar  objects  is  carried  out 
in  parallel,  at  least  in  4  receiving  channels 
of  the  polarization  components. 


For  measurements  of  the  scattering 
characteristeics  of  radar  targets  as  polari¬ 
zation  scattering  matrix  (SM),  non-coherent 
radars  use  indirect  methods  of  the  SM 
parameters  measurements.  One  of  the 
method  consists  in  consecutive  measuring 
of  relative  power  level  of  the  reflected  EM 
wave  for  different  polarizations  of 
transmitted  and  received  signals. 

Block  diagram  of  the  non-coherent 
polarimetric  radar  is  shown  in  Fig.  1. 

The  radar  transmits  a  series  of  signals 
with  six  polarization  states:  left-  and  right- 
handed  circular  polarizations;  linear 
vertical  and  horizontal  polarizations  and 
linear  polarizations  rotated  at  +45  and  - 
45°.  The  reflected  signals  are  received  in 
parallel  by  six  channels  for  reception  of 
such  components  as  left-  and  right- 
handed  circularly  polarized,  linearly 
(VH)  polarized  and  components  with 
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BpameHHH;  jiHHeftHaa  BepTHKajibHaa/ropH30H- 
TaribHan  nojiHpH3auHH  h  jiHHeftHan  nojiflpH3auHfl 
c  yraoM  HaKnoHa  +45/-450.  CpaBHeHHe  othoch- 
TejibHoro  ypoBHH  moijuhocth  OTpaaceHHofi  3/iex- 
TpOMarHHTHOH  BOJIHbl  Ha  pa3HHX  Bnaax  nojia- 
pH3aUHH  npOH3BOaHTCfl  no  KaJIHGpOBOHHOMy 

CHrHany  H3MepHTejibHoro  reHepaTopa,  no/uuuo- 
qeHHoro  k  Bxoay  MHoroicaHajibHoro  npHeMHHKa. 
TIo  cwmajiy  M3MepHTe/ibHoro  reHepaTopa  npo- 
H3BOAHTCH  TaJOKe  CpaBHeHHe  OTHOCHTeJlbHOrO 
ypOBHa  moiuhocth  CHmajioB,  pacceHHHbix  HC- 
cjieayeMOH  uejibio  h  orajioHHbiM  orpaxaiejieM.  B 
KanecTBe  3TajioHHoro  oTpa>KaTejia  Hcnojib30Ba- 
jiHCb  TpexrpaHHbie  yrojiKOBMe  oTpaxaTejin  c  H3- 
BecTHMM  3Ha*jeHHeM  3IIP. 


rotated  (±45°)  linear  polarizations. 
Comparison  of  the  relative  power  of  the 
reflected  EM  waves  with  different  pola¬ 
rizations  is  performed  by  calibration 
signal  of  the  test  oscillator  connected 
to  the  multi-channel  receiver  input.  The 
test  osillator  signal  is  also  used  for 
comparison  of  the  relative  power  of 
signals  scattered  by  object  under  investi¬ 
gation  and  a  reference  reflector.  Trihedrals 
with  known  RCS  were  used  as  the  refe¬ 
rence  reflector. 


5 


, 

2 

9 


10 


6^ 

7 


8 

Phc.  1.  OrpyierypHaH  cxeMa  nojmpH3auHOHHofj  PJIC  «Opr-M»:  1  ~  nepeaaniHK,  2  -  ameHHo- 
4>HaepHbift  TpaKT,  3  —  HanpaBJieHHuft  oTBerBHrejib,  4  -  aHTCHHa,  5  -  npneMHHK,  6  - 
BQJiHOBoaHbiH  KOMMyraxop,  7  -  reuepaTop  cwmajioB  T4-56,  8  -  npHBOfl  aHreHHbi,  9  - 
ruiaTa  ALffl  6  KaHaJioB,  10  -  iuiara  ynpaB^emui  npHBOfloM  aHTCHHbi,  11  -  /wcmieii, 
I13BM  IBM  /PC 

fig.  1.  Block  diagram  of  the  polarization  radar  «Ort-M»:  transmitter  (1),  antenna  feeding 

chanel  (2),  directional  coupler  (3),  antenna  (4),  receiver  (5),  waveguide  commutator 
(6),  signals  generator  G4-56  (7),  antenna  drive  mechanism,  6-channel  ADC  board 
(9),  antenna  drive  control  board  (10),  display,  IBM/PC  (11) 


Ha  pHc.  2  npHBe^ena  <J>ororpa4»w  airreHHO- 
BQjiHOBOflHoro  rpaicra  noniipH3aiiHOHHoft  PJIC, 
a  Ha  pHC.  3  -  BHeWHMM  BHfl  nOJiapH3aUHOHHOM 
PJIC,  CMOHTHpOBaHHOfi  Ha  aBTOMoOHJie  3HJI-13 1 . 

PerHCTpauMfl  oTpaateHHbix  cHraanoB,  3anncb 
KajiHbpoBouHbix  xapaxrepHCTHK  npweMHoro  Tpax- 
Ta  h  ynpaBJieHMe  CKaHHpoBaHHeM  ameHHbJ  PJIC 

npoH3BoaHTCfl  Ha  II3BM  IBM/PC.  Harmciweft 
II3BM  BMBOrtHTCfl  HH(J)OpMaUHa  0  paflHOJIOKa- 
UHOHHoii  oScraHOBKe  HccjieayeMoft  mccthocth 
m  pacnojioxeHHbix  Ha  h eft  srajioHHhix  cnpaxa- 


Figure  2  shows  view  of  the  polari- 
metric  radar's  antenna  waveguide  channel 
Figure  3  shows  view  of  the  radar  installed 
onaZIL-131  truck. 

Registration  of  the  reflected  signals, 
recording  of  calibration  characteristics 
of  the  receiving  channel  and  antenna  radar 
scanning  control  are  made  in  IBM  PC. 
The  computer  display  shows  radar  scene 
and  the  reference  reflectors.  Typical  RGB 
scheme  was  used  for  radar  imaging  of 
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Tejuix  h  HHTepecyiomHX  oGbeicrax.  PajHOJioKaim- 
oHHoe  H3o6paxeHHe  Ha  axpaHe  /mermen  II3BM 
BbIBOOTTCH  B  HBeTOBOM  TpeyrojibHHKe  RGB,  Ha 
KOTOpblH  CnpOeHHpOBaHbl  KpOCC-nOJI5IpH3aHHOH- 
Hbie  KOMnoHeHTbi  oTpaxceHHbix  cHinajioB.  IIpo- 
H3BO/mTCB  pacner  HHBapnaHTOB  MaTpmjbi  pac- 
cenHHH  ueJiH  HHTepecyiomHX  Ha  mccthocth 
ObbeKTOB  H  4>°PMHpyeTCH  apXHB  H3MepeHHfl 
napaMeTpoB  oSbeKTOB. 


the  cross-polarized  components  of  the 
reflected  signals.  During  the  measure¬ 
ments,  backscattering  matrix  invariants  of 
radar  targets  against  background  are 
determined  and  stored  in  radar  data  base. 


PHC.  2.  AHTeHHO-BOJIHOBOflHblH  TpBKT  nOJlBpH3aUHOHHOM 
PJIC 

Fig.  2.  Antenna  waveguide  channel  of  the  polarization  radar 


Phc.  3.  BHeiUHHH  BHfl  nOJWpH3aUHOHHOM  PJIC  «OpT-M» 
Fig.  3.  Outward  of  the  polarization  radar  «Ort-M» 
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nojuipH3aiwoHHoro  pajmojiOKaTopa  Radar 

M.B.  rojiOBaqeB,  H.K).  KajiyrnH,  M.V.  Golovachev,  N.Ju.  Kalugin, 

A.B.  KoueTOB  A.V.  Kochetov 
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flpedAOJfceH  Memod  omodpaotcenuH  paduoAoicanuoH-  A  method  for  radar  data  imaging  on  color 

hoii  UHfpopManuu  na  9Kpaue  neemnozo  ducnnen  no  ah-  display  of  a  polarization  radar,  based  on 

ptnanuoHHOZo  paduoAOKamopa,  ochoea/mbui  Ha  uc-  using  the  cross- polarized  components  of 

noAb3oeanuu  K.pocc-noARpu3anuombix  KOMnonenm  transmitted  and  received  radar  signals,  is 

imynamoeo  u  npummaeMozo  cuznanoe  paduoAOfca-  suggested.  Such  cross-polarized  compo- 

mopa.  Man  omodpaoKenun  na  ofepane  ducruien  ebi6-  nents  as  circularly  polarized,  linearly  pola- 

paubi  mpu  Kpocc-noAApiaamwHHbie  KOMnonenmu :  rized  in  VH-basis,  and  linearly  polarized 

Kpyzoeozo  n  OAnpiaa  n  u  on  hobo  6a3uca,  Aumimozo  no-  components  at  ±45°  were  chosen  for  ima- 

ASipii3anuouHOZO  6a3uca  eepmuKOAbuou  u  zopu30H-  ging  on  the  radar  display 

moAbnoii  noAHpu3au,uu  u3AynaeM0Z0  u  npuHUMaeMO- 
zo  cuzHOAoe,  a  ma/cxce  Auneunozo  noAxpiaanuoHHOZo 
6a3uca  cuznoAoe,  u3AynaeMbix  u  npimimaeMbix  nod 
yzAOM  ±45° 

npn  Hcnojib30BaHMH  b  pa,imojioKauHH  nojiH-  The  problem  of  radar  data  imaging 
pM3auHOHHO-pa3HeceHHbix  curHajiOB  Hanbojiee  on  color  display  of  a  radar  is  the  most 

aicryaflbHa  3aflana  oToSpaxemm  pa^nojioKaun-  actual  for  the  case  of  polarimetric  radars. 
OHHoft  (PJI)  HH(J>opMaxj,HH  Ha  sxpaHe  mcnn&si 
nOJTHpH3aUHOHHOH  PJIC. 

M3BecTHbi  Tpa^HUHOHHbie  cnoco6w  oTobpa-  Ordinary  ways  of  radar  data  imaging 
xeHHfl  pa#HOJioKauHOHHOH  MH(|)opMauHH  Ha  ok-  on  a  radar  display,  when  only  one  polari- 
paHe  flHcmiefl  b  PJIC,  KOTOpbie  Hcnojib3yK>T  o/thh  zation  state  is  used  for  radiation  and 
H3  bhuob  nojiapH3auMH  30Hawpyiomero  cwrHajia  reception  od  signals,  are  well  known.  For 
Ha  HanyueHHe  hjih  npweM,  HanpHMep,  jiHHeHHbin  example,  linear  polarization  basis  (when 
nojuipH3auHOHHbiM  6a3Hc  (BepTHKajibHan  nojia-  vertically  polarized  signal  is  transmitted 
pH3auMH  Ha  Hany^eHMe  h  npneM),  KpyroBOH  no-  and  received  and  circular  polarization 
jiapH3aitHOHHbiii  6a3Hc  (KpyroBaa  nojiHprminifl  basis  (when  left-handed  circularly  pola- 
jieBoro  (npaBoro)  BpameHna  3OH0MpyK)mero  cht-  rized  signal  is  radiated,  and  right-handed 
najia  Ha  naayueHne  h  KpyroBaa  nojiapH3auna  npa-  circularly  polarized  signal  is  received)  are 
Boro  (jieBoro)  BpameHHa  30H,aHpyiomero  cnmajia  widely  used.  The  information  on  radar 
Ha  npweM)  h  ap.  MH<|>opMaHHfl  o  PJI  obcraHOBKe  scene  in  such  radar  system  is  displayed, 
BOKpyr  T3KOH  PJIC  BbiBOAHTca,  Kax  npaBHJio,  Ha  as  a  rule,  on  monochrome  (white  or 
3Kpane  MOHOxpoMHoro  ^wcnjieB  6ejioro  hjih  3e-  green)  screens.  This  luminescence  color 
jieHoro  cBeueHHH,  UBeT  KOToporo  BbibHpaeTCH  satisfies  ergonomic  requirements  for 
H3  sproHOMHuecKHX  TpeboBaHHM  flaa  paboTaio-  radar  controller, 
mero  c  hhm  onepaTopa. 

M3BecTH0  Taoce  Hcnojib30BaHHe  nji n  oto-  It  is  known  also  the  method  for 
bpaxeHHB  UBeTHoro  flHcnjiea,  Ha  kotopom  hh-  using  color  display  for  presentation  of 
(})opMauHB  o  PJI  obcTUHOBKe  BbiBOAHTCH  Jinbo  radar  data,  when  the  data  is  displayed 
b  mohoxpomhom  BHfle,  Kor,na  HHTeHCHBHOCTb  as  monochrome  images  with  intensity 
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cBeneHHfl  nponopimoHajibHa  aMiHiHTyae  npHHH¬ 
MaeMBIX  PJTC  CHmajiOB,  jih6o  b  nceB^ouBeTOBOM 
OTo6pa>KeHHH,  npH  kotopom  aMruiHTyae  npHHH- 
MaeMbix  PJIC  cHraajioB  conocTaBJiaeTcn  xabjiH- 
na  UBeTOB.  MH(J)opMaiiMa  o  PJI  obcraHOBKe  Ha 
3KpaHe  Taxoro  ^nciuiea  MoxeT  oroGpaacaTbCH  b 
BHjje  cnoKOHHoro  3ejieHoro  UBexa  jxsm  HanMeHB- 
llieH  HHTeHCHBHOCTH  npHHHMaeMBIX  CHTHaJIOB  HJTH 
apKo-KpacHoro  iXBeTa  zuia  MaKCHMajiBHOH  hhtbh- 
CHBHOCTH  npHHHMaeMBIX  CHmajiOB. 

C  flpyroH  cropoHBi  npn  paapaGonce  nojrapraa- 
HHOHHOH  PJIC  MOXCCT  B03HMKH\Tb  HeoGxOJCHMOCIB 
oToGpaxeHHH  Ha  axpaHe  /mermen  cymecraeHHo 
Gojibiuero  oSteMa  HHc}x)pMamiH  o  xapajcrepHCTH- 
Kax  CHTHaJIOB  npHHHMaeMBIX  B  PJIC.  C  3T0H  nejIBK) 
npefljiaraeTca  mcto/i  oTo6paxceHHH  PJI  hh- 
(JiopManHH  Ha  axpaHe  HBeTHoro  /mcroiea  nojia- 
pH3auHOHHoro  pa/monoKaropa,  ocHOBaHHBiH  Ha 
HCn0JIB30BaHHH  KpOCC-nOJIBpH3aUHOHHBIX  KOM- 
noHeHT  H3JiynaeMoro  h  npHHH  MaeM oro  cnraa- 
jiob  pa^HOJioKaTopa. 

flj ia  oro6pa^ceHHa  Ha  3KpaHe  /mermen  BbiSpa- 
Hbl  TpH  KpOCC-nOJiapH3anHOHHbie  KOMnOHeHTbi: 
KpyroBoro  nojiapH3anHOHHoro  6a3nca,  jikhchho- 
ro  nojiapH3annoHHoro  6a3Hca  BepTHKanobHOH  h  ro- 
PH30HT3JIBH0H  nojinpH3aiiHH  H3JiynaeMoro  H  npH- 
HHMaeMoro  CHraajioB,  a  Taioxe  jiHHeHHoro 
nojiapH3aixHOHHoro  6a3Hca  cnmanoB,  nanynaeMBix 
h  npHHHMaeMBIX  noA  yrnoM  ±45°. 

KaroBIH  H3  KpOCC-nOJiapH3anHOHHBIX  KOM- 
noHeHTOB  noABOflHTca  k  cBoeMy  xaHajiy  RGB 
/mermen  nojinpH3armoHHoro  pa/mojioKaiopa.  B 
xaHaji  jiyna  Green  bbo/ihtcb  Kpocc-nojinpH3a- 
UHOHHaa  KOMnoHeHTa  KpyroBoro  nojinpH3arm- 
OHHoro  6a3Hca,  b  xaHaji  jiyna  Red  bbo^htch 
Kpocc-nojiapH3aiiHOHHaa  KOMnoHeHTa  nojinpH- 
3aUHOHHOrO  6a3HCa  BepTHKaJIBHOH  H  ropH30H- 
TajIBHOH  nOJiapH3ai!HH  H,  COOTBeTCTBeHHO ,  B 
xaHaji  ayaa  Blue  bbo/ihtch  Kpocc-nojinpH3anH- 
oHHaa  KOMnoHeHTa  JiHHeHHoro  nojinpH3armoH- 
hoto  6a3Hca  cnrHajioB,  H3jiyaaeMBix  h  npHHH¬ 
MaeMBIX  no jx  yraoM  ±45°  (cm.  pncyHOK). 

AMroiHryaa  cnmanoB  Kpocc-nojiapH3annoHHBix 
KOMnoHeHT,  no,HBo^HMBix  k  /meimeio  nponopun- 
oHajiBHa  moiiihocth  CHraajioB,  pacceHBaeMBix  ue- 
Jibk)  npH  oSjiyaeHHH  ee  3M  bojihoh  c ootb ercTBy - 
lomero  nojiapH3anHOHHoro  6a3nca.  Mo>kho 
noKa3an>,  hto  cyMMa  MoumocreH  Kpocc-nojinpH- 
3annoHHBix  KOMnoHeHT  CHmajiOB,  pacceHBaeMBix 
uejibio,  BBi6paHHBix  jajm  oroSpaxeHHa  Ha  iiBeT- 
hom  AHcimee  nojiapH3aunoHHoro  pa/mojioKaTopa, 
paBHa  cne/ty  3nepreTHaecK0H  MaTpnnbi  paccen- 
HHa  ne/m  PQ.  TaKHM  o6pa30M,  Ha  3KpaHe  /mcn- 
Jiea  nojiapH3anHOHHoro  pa/monoKaTopa  oro6pa- 


proportional  to  amplitude  of  the  received 
signals,  or  pseudo- color  images  with  the 
prescribed  correspondence  between  the 
signals  amplitude  and  table  of  colors.  For 
example,  soft  green  color  may  be  used 
for  the  received  radar  signals  with  mini¬ 
mum  intensity,  whereas  bright  red  color 
may  represent  signals  with  high  intensity. 


On  the  other  hand,  development  of 
a  polarimetric  radar  may  require  to 
display  much  more  data  on  characte¬ 
ristics  of  the  received  signals.  With  this 
purpose,  we  suggest  a  method  of  radar 
data  imaging  on  color  display  of  polariza¬ 
tion  radar,  based  on  using  cross-pola¬ 
rized  components  of  the  transmitted  and 
received  radar  signals. 


Such  cross-polarized  components  as 
circularly  polarized,  linearly  polarized 
in  VH-basis,  and  linearly  polarized 
components  at  ±45°  were  chosen  for 
imaging  on  the  radar  display. 


Each  of  the  cross-polarized  compo¬ 
nents  is  applied  to  corresponding  RGB- 
channel  of  the  display.  Green-,  Red -  and 
Blue-  channel  are  connected  with  circu¬ 
larly  cross-polarized  component,  VH- 
basis  cross-polarized  linear  component, 
and  ±45°  rotated  cross-polarized  linear 
component,  correspondingly  (Fig.  1). 


The  amplitude  of  cross-polarized 
components  applied  to  .KGi?- channel  of 
a  radar  display  is  proportional  to  power 
of  the  signals  scattered  by  radar  objects 
while  radiating  the  corresponding  polari¬ 
zation  of  electromagnetic  wave.  It  is 
possible  to  show  that  sum  of  powers  of 
the  scatterd  cross-polarized  components 
equals  to  spur  of  power  backscattering 
matrix  PQ.  Thus,  display  of  the 
polarization  radar  presents  data  on  cha¬ 
racteristics  of  radar  objects  decomposed 
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acaeTca  bch  HH(J)opMauH5i  o  xapaKTepncTHKax  into  color  components  in  correspon- 
ue;m,  pa3Jio)KeHHafl  no  cocTaBJiaiomHM  ubcto-  dence  with  the  RGB  scheme. 

Boro  TpeyrojibHHKa  RGB. 
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Phc.  CTpyKTypHaji  cxeMa  nojrapimuHOHHOM  PJIC:  1  -  nepeaaTHHK,  2  —  aHTeHHO- 
4>naepHbiM  TpaKT,  3  —  amreHHa,  4  —  npneMHHK,  5  —  jmcruiefi 
Fig.  Block  diagram  of  the  polarization  radar:  transmitter  (1),  antenna  feeding  chanel 
(2),  antenna  (3),  receiver  (4),  display  (5) 


Bbi6paHHbie  jy m  OToSpaxeHHH  UBeTOBbie 
cocTaBJintomne  orpa>KeHHoro  cnmajia  nojwpn- 
3aimoHHoro  pajmoJioKaTopa  no3BOJunoT  onepa- 
Topy  PJIC  npon3BecTH  npe4BapHTe.n  bHyio  HjxeH- 
TM(J)HKanHK)  uejiH  Ha  oKpane  jiHcnjieB  b 
cooTBeTCTBHH  c  ee  xapaKTepHCTHKaMH  paccea- 
HH 91.  B  HaCTHOCTH,  3eJieHblM  IJBeTOM  oTobpaacaioT- 
ch  Bee  uejiH,  xapaKTepH3yK)mnec«  HeneTHbiM 
KOJiHHecTBOM  nepeoTpaaceHHH  najjaiomen  3MB, 
HanpHMep,  oTpaacaTejin  rana  ctpepa ,  nnocKocmb , 
mpexepaHHbie  yeojiKoeue  ompaoicamejiu  h  jxp.  Ch- 
hmm  UBeTOM  OTo6pa>KaK)TC5i  uejiH,  xapaKTepu- 
3yioiiiHecB  neTHbiM  kojihhcctbom  nepeoTpaace- 
hhh  najxaiomeH  3MB,  HanpHMep  deyepannue 
yeoJiKoeue  ompa^camenu,  pacnojioxeHHbie  ropn- 
30HTaJlbH0  no  OTHOllieHHK)  k  aHTeHHe  PJIC. 
KpacHbiM  UBeTOM  OTo6paxaiOTCH  uejiH,  Taioxe 
xapaKTepH3yiomneca  nerabiM  kojimhcctbom  ne- 
peoTpa»ceHHH  (deyepambie  yeoAKoebie  ompaotca- 
menu),  ho  pacnojio>KeHHbie  no#  yrjioM  45°  no 
OTHOllieHHK)  K  aHTeHHe  PJIC.  OTMeTKH  OT  uejiH, 
noHBJunomHecB  Ha  3KpaHe  jxHciuiefl  b  pa3JiHHHbix 
UBeTOBbIX  KOM6HHaUHBX  n03BOJIHK)T  CJXeJiaTb  Bbl- 
bojx  o  cjiojkhom  xapaKTepe  uejiH,  HabjnojxaeMon 
onepaTopoM. 

IlocKOJibKy  cymecTByeT  B3aHM0CBH3b  Mex- 
jxy  HHBapnaHTaMH  MaTpnubi  pacceHHHH  uejiH  H 


The  chosen  color  scheme  for  output 
of  the  reflected  signal  components  allows 
to  radar  controller  to  preliminary  iden¬ 
tify  a  radar  target  on  the  display  by  its 
scattering  characteristics.  In  particular, 
green  color  displays  all  targets  with  odd 
reflections  number  of  the  incident  EM 
wave  (for  example,  sphere ,  plane,  trihe¬ 
dral  reflectors ,  etc.).  Blue  color  displays 
targets,  which  are  characterized  by  even 
number  of  reflections  (dihedral  reflectors 
located  in  the  horizontal  plane  relatively 
the  radar  antenna).  Red  color  displays 
dihedral  type  targets  rotated  at  45°  rela¬ 
tively  the  radar  antenna.  Radar  blips 
appearing  on  the  display  in  various  color 
combinations  allow  to  draw  a  conclusion 
on  complex  character  of  the  objects 
observed  by  radar  controller. 


Because  of  interrelation  between  pola¬ 
rization  invariants  of  the  backscattering 
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cnmajiaMM,  no/*Bqzi.HMMMH  Ha  ubcthoh  ^HcruieH, 
onepaTop  MoxceT  npoH3BecTH  (JmjibTpanHio 
Ha6jno^aeMoro  H3o6pa*:eHHJi  mccthocth  b  co- 
OTBeTCTBHH  c  3aflaHHbiMH  napawerpaMH  MaTpn- 
ubi  pacceaHHH  h  BbiAejiHTb  HHTepecyiomHe  yna- 
CTKH  patfHOJIOKaiJHOHHOrO  H306paaceHHB. 


matrice  and  output  signals  on  the  color 
display,  radar  controller  can  make  a  visual 
filtering  of  the  observed  locality  images 
in  accordance  with  the  given  parameters 
of  the  backscattering  matrix  and  selecting 
the  radar  image  zones  of  interest. 
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B  padome  npedcmaenen  pnd  ucicyccmeeHHbix  pa- 
duojiOKanuoHHbix  ompajtcamejieu,  o6Aadaioiu,ux 
HeciiMMempUHHbtMu  MampitnaMU  odpamnozo  pac- 
cexmin 

Bbcachhc 

npM  H3MepeHH«x  xapaKTepHCTHK  paccea- 
HHH  pa3JIMHHbIX  oSbeKTOB,  npe^BapHTejibHo 
npOBOAHT  KaJIH6pOBKy  pa^HOJIOKaHHOHHOH 
(PJT)  annapaTypbi  [1].  IIpw  3tom  Hcnojib3yiOT 
TaKHe  arajioHHbie  orpaacaTejw  KaK  MCTajuiH- 
necKan  c^epa,  Konyc,  uhjihhup,  a  Taoce  yron- 
KOBbie  OTpaxaTCJlH,  BbWHCJlMTb  3{J)CJ)eKTHBHy}0 
noBepXHocTb  pacceaHna  (3I1P),  KOTopbix  ot- 
HocHTejibHO  npocTO.  npe^cTaBJineT  hh  Tepee 
coaaanHe  aHajiorwuHbix  STajiOHHbix  paHHOJio- 
KauHOHHbix  oTpaxaTejreM  (PO),  oGjianatomux, 
b  o6meM  cnynae,  npoH3BOjibHOH  HecHMMeT- 
pHHHOH  MaTpuueH  o6paTHoro  paccenHim 
(MOP),  MMHTMpyiomHX  peajibHbie  oSbeKTH 
c  HeB3aMMHbiMH  cBOMCTBaMH.  B  paboTe  [2] 
BBO/iHTcfl  napaMeTp  Ha3biBaeMbiH  ko3(])<})h- 
UHeHTOM  HeB3aii MH OCTH  (KH),  KOTOpblH  n03- 
BOJIBeT  npOH3BOAHTb  KJiaCCH^HKaUHK)  Cpefl  H 
oGbeKTOB  Ha  B3aHMHbie  epeabi  (K|2==0),  a6- 
cojhotho  HeB3anMHbie  epeabi  (|^|2=1),  nac- 
tmhho  HeB3anMHbie  cpe^bi  (0<|£|2<1). 

PaaHOJioKauHOHHwif  OTparcaTejib  Ha 

ocHoae  (|)eppHTOBoro  BenTHJia 

Ha  pHC.  1  H3o6pa>KeHa  KOHCTpyiajHH  PO, 
B  cocraB  KOToporo  Bxoanr  KOHHHecKHH  ne- 
peH3JiyHaiomHH  pynop  «1»,  KOHcrpyKTHBHo 
06'beaHHeHHbIH  C  BOJIHOBOaHbIM  yCTpOMCTBOM 

pa3aeaeHHB  saeKTpoMarHHTHow  bojihw  Ha 
aHHeiiHbie  opToronajibHo  noaapH30BaHHbie 
KOMnOHeHTbl. 
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A  series  of  artificial  radar  reflectors  having 
asymmetrical  backscattering  matrices  are 
presented  in  the  paper 


Introduction 

The  measurements  of  scattering 
characteristics  of  various  objects  includes 
preliminary  calibration  of  radar  equip¬ 
ment  [1].  For  this  purpose,  such  refe¬ 
rence  reflectors  as  metal  sphere,  cone, 
cylinder  and  also  comer  reflectors  are 
used,  which  radar  cross-section  (RCS) 
is  a  rather  simple  to  calculate.  Const¬ 
ruction  of  the  similar  reference  radar 
reflectors  (RR),  which  would  have  in 
general  the  asymmetrical  arbitrary  back- 
scattering  matrix  (BSM)  and  simulate 
real  objects  with  nonreciprocal  pro¬ 
perties,  is  of  most  interest.  In  [2],  so  called 
non- red  procity  coefficient  (NC)  £  is  in¬ 
troduced,  which  allows  to  classify  different 
media  and  objects  into  reciprocal  with 
|£P=0, absolutely  nonreciprocal  (|£p=l), 
and  partly  nonreciprocal  (0<|£p<l). 


Radar  reflector  based  on  ferrite 
isolator 

The  radar  reflector  design  is  shown 
in  Figure  1.  It  has  conical  re-radiating 
horn  «1»  which  is  mechanically  united 
with  waveguide  electromagnetic  wave 
splitter  into  linear  orthogonally  pola¬ 
rized  components. 
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Phc.  1.  Pajn.Ho.ioKaiiHOHHbiH  oTpaxaTejib  Ha  ocHOBe  (})eppHTOBoro 
BeHTHJIB 

Fig.  1.  Radar  reflector  based  on  ferrite  isolator 

flaHHoe  ycTpoftcTBo  npe^cTaBJineT  co6oh  ot-  The  device  consists  of  a  section  of 

pe30K  Kpyrjioro  BOjiHOBoaa  «2»  c  #ByMH  Bcrpo-  circular  waveguide  «2»  with  two  built- 

eHHbiMH  Bo^HOBoaaMH  npaMoyrojibHoro  ceueHHH  in  rectangular  waveguide  «4»  and  «5» 
«4»  h  «5».  npn  3tom  np5iMoyrojibHbiM  BOJiHOBOfl  sections.  The  waveguide  section  «5»  is 
«5»  npe/ma3HaqeH  jum  BbmejieHHa  ropH30HTajib-  intended  for  selecting  the  horizontal 
Hoft  jiHHehHon  KOMiroHeHTbi  3JieKTp0MarHHTH0H  component  of  the  electromagnetic  (EM) 
(3M)  BOJiHbi  h  oSbe^HHaeTCfl  c  bojihobo^om  wave  and  is  joint  with  the  round  wave- 
Kpyrjioro  ceueHH si  «2»  c  noMoiubio  cexunn  «3»  guide  «2»  by  waveguide  round-to-rec- 
ruiaBHoro  nepexo^a  c  Kpyrjioro  Ha  npHMoyrojib-  tangular  adapter  «3».  The  waveguide  «4» 
HbiH  bojihoboz*.  Bojihoboa  «4»  npeaHa3HaH:eH  pjin  serves  for  selecting  the  vertical  compo- 

BbmejieHHa  BepTHKanbHOH  jihhchhom  KOMTiOHeH-  nent  of  the  EM  wave  and  is  joint  to 

Tbi  3M  BOJiHbi  h  coeaHHaeTca  c  bojihobo^om  «5»  waveguide  section  «5»  by  rectangular  wave- 
c  noMombio  npflMoyrojibHoro  BOJiHOBo/moro  guide  (with  90°  twist)  including  the  fer- 
Tpaicra  (co  cKpyTKOM  Ha  90°),  b  cocTaB  KOToporo  rite  resonance  isolator  «6». 

BKJIIOUeH  (J)eppHTOBbIH  pe30HaHCHbIM  BeHTHJIb  «6». 


Phc.  2.  3aBHCHMOCTb  |x|2  ot  X 
Fig.  2.  |£|2  dependence  versus  X 


CorjiacHO  [3]  MOP  oTpaacaTejifl  moxho  on-  According  to  [3],  the  reflector's  BSM 
pe^ejiHTb  cjieayiomHM  o6pa30M  is  written  in  the  form 


(1) 


KaK  cneayer  H3  (1),  MOP  HMeeT  HecHMMeTpuM-  It  follows  from  (1)  that  the  BSM  is  asym- 
HbiH  bhu  (A  *  B),  a  K03(J)(J)HnHeHT  HeB3aHMHocm  metrical  (A  *  B),  and  NC  of  the  reflector 
PO  onpenejiaeTCH  Kos^^nuneHTaMM  3aTyxaHnn  is  defined  by  wave  attenuation  factors  in 
bojih  b  npHMOM  (A)  h  oSparaoM  ( B )  HanpaBJie-  direct  (A)  and  opposite  (B)  directions  of 
hhh  (J)eppHTOBoro  BeHTHJia  (3flecb  X=B/A)  the  ferrite  isolator  (here  X=B/A ) 


X2-2X  +  \ 
2-(X2+l)  ' 


(2) 
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Ha  pmc.  2  npHBejDieHa  3aBHCM moctb  |^(A)|2  (ot-  Figure  2  shows  \Z,(X)\2  dependence 
HomeHMe  X  BbipaxeHo  b  aE),  M3  KOTopon  c;ie-  (X  in  dB)  confirming  that  the  reflector 

nyeT,  uto  c  noMombK)  onncaHHoro  oTpaxaTejia  can  be  used  for  simulation  of  radar 

moxho  MMMTMpoBarb  uiMpoKHM  KJiacc  uejien  jum  objects  for  which  gp  *  0.  If  B/A  >  30  dB, 

Koropbix  gp  *  0.  npn  B/A  >  30 pB,  gP  ->  0,5  (t.  e.  PO  then  gP  ->  0,5  (i.e.  the  reflector  has  partly 

objia^aeT  uacrMUHO  HeB3anMHbiMH  cbomctbumm).  non- reciprocal  properties). 

Cjie/iyeT  3aMerHTb,  uto  aHajiorHHHbiMM  no-  It  should  be  noted  that  RR,  differing 
jiapM3auMOHHbiMM  CBOMCTBaMM  MoxeT  objia^ara  from  above  by  the  use  of  ferrite  Y-circu- 

PO  OTJiHHaiomMticH  ot  paccMOTpeHHoro  TeM,  lator  (with  an  arm  connected  to  matched 

hto  BMecTO  BeHTHJiB  Mcnojib3yeTc«  (JieppHTOBbiH  load  [3])  instead  of  the  ferrite  isolator, 

Y-UHpKyjiflTOp  o^ho  M3  mien  KOToporo  no,acoe-  can  possess  the  similar  polarization 

HHHeHo  k  corjiacoBaHHofi  Harpy3Ke  [3].  properties. 

Pa^HOJioKauHOHHbiH  oTpaxaTejib  Ha  ochobc  Radar  reflector  baseb  on  phase 

(Jja30BpamaTejia  shifter 

He^ocTaTKOM  b  pa6ore  KOHCTpyKUHM  PO  Ha  The  drawback  of  RR  designs  based  on 
ocHOBe  (JieppMTOBoro  BeHTMJia  m  Y-uMpKyrwTopa  the  ferrite  isolator  and  Y-circulator  is 

BBJiHeTca  norjiomeHHe  obpaTHon  3MB.  Bcjiea-  absorption  of  the  backward  wave.  Because 

CTBHe  3Toro  He  BC5i  3HeprMH  npMHBTOM  KOHMnec-  of  this  not  all  energy,  which  is  received 

koh  aHTeHHOM  BOJiHbi  6yaeT  nepeM3jiyneHa  orpa-  by  the  conical  antenna,  will  be  reradiated 

xaiejieM,  a  3HauMT  Hejib3B  peajiM30BaTb  oSbeicr  c  by  the  reflector.  Therefore,  it  is  impossible 

gp  =  1 .  Ha  pMC.  3  M3o6paxeH  PO  jiMmeHHbiii  yxa-  to  realize  object  with  gp=l.  Figure  3  shows 

3aHHoro  Bbiuie  HenocTarKa,  b  cocraB  KOToporo  reflector  with  added  ferrite  phase  shifter 

BBe/ieH  (JieppHTOBbiH  (j)a30BpauraTejib  «9».  «9»  without  the  drawback. 


Phc.  3.  PaflHOJioKauuoHHbift  OTpaxaTenb  Ha  ocHOBe 
cJ)a30BpamaTeji5i 

Fig.  3.  Radar  reflector  based  on  phase  shifter 

BBe^eHMe  <J)eppHTOBoro  cJ)a30BpamaTeJiH  b  Insertion  of  the  ferrite  phase  shifter 
CBH  rpaKT,  cBB3biBaioinHft  bojihobo^w  «4»  m  into  the  microwave  channel  connecting 
«5»,  bhocmt  ^onojiHMTejibHyio  (J)a30Byio  3aaepx-  sections  «4»  and  «5»  gives  an  additional 
Ky  cpj  pjw  o6paTHOM  bojihh  m  3aaepxKy  cp2  pm  phase  delays  and  q>2  for  the  backward 
npHMon  BOJiHbi.  npH  3tom  3MB  npoxozxaT  BOJi-  and  direct  waves.  Thus,  the  EM  waves 
HOBO/jHbift  TpaKT  PO  b  o6omx  HanpaBJieHMax  pass  the  channel  in  both  directions 
npaKTMuecKM  6e3  3aTyxaHMH  c  nocjiejayiouiHM  ne-  almost  without  attenuation  and  then  they 
peM3flyueHHeM  pynopHOM  aHTeHHOM.  CorjiacHO  are  re-radiated.  In  accordance  with  [3] 
[3]  MOP  otpaxaTeJM  onpe^ejiMtca  KaK  the  reflector's  BSM  is  written  as 


M3  (3)  BHaHo,  hto  ^aHHbiM  orpaxaTejib,  TaK-  It  follows  from  (3)  that  the  given 
xe  Kax  m  paccMOTpeHHoe  paHee  ycrponcTBO,  reflector  just  as  the  considered  above 
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MMeeT  HecHMMerpHHHyio  MOP,  a  ero  nojiHpn-  has  the  asymmetrical  BSM,  and  its 
3aunoHHbie  CBOMCTBa  onpenejiHiOTca  cBOMCTBa-  polarization  properties  depends  on  the 
mh  4>a3o4)pamaTenfl.  flpH  stom  phase  shifter  properties,  and 


I  £  |2  =  0.5  *  (1  -  cos(Acp)) . 


M3  npHBeneHHOH  Ha  pHC.  4  3aBHCHM0CTH  I^P 
OT  pa3H0CTH  4>a3  A(p=(p1-<p2  cnenyeT,  mo  c  no- 
MombK)  paccMOTpeHHoro  oTpaacarejra  mo>kho 
MonennpoBaTb  o&beKTbi,  hjib  KOTOpbix  |£|2  jiexcHT 
b  npe/iejiax  or  0  £0  1.  B  criyuae  (p^Tt  h  (pI2=0  ($ep- 
pMTOBbin  4>a30Bpamarejib  HBjmeTca  rupaiopoM 
Aq>=180°)  PO  HBJiaeTCH  a6cojnoTHo  HeB3anM- 
hhm,  nna  KOToporo  Bee  BH£bi  nojiapioamiM  na- 
naiouxeH  3MB  aBJiaioTCH  juih  oipaacaTejra  Hyjie- 
BblMH,  h  MOP  Kotoporo  paBHa 


It  follows  from  the  dependence  |£|2 
on  the  phase  difference  Acp=(pl-(p2  shown 
in  Fig.  4  that  the  given  reflector  can 
simulate  objects  with  0  <  |£|2  <  1.  If 
and  cpI2=0  (the  ferrite  phase  shifter  is  a 
gyrator  with  Acp=180°),  then  the  reflec¬ 
tor  is  absolutely  nonreciprocal.  For  this 
case,  all  polarization  states  of  the  incident 
wave  are  zero  for  the  reflector,  and  the 
BSM  becomes 


0  - 
1 


pHC.  4.  3aBHCHMOCTb  |£|2  OT  A(p 
Fig.  4.  |5p  versus  Acp 


Pa£HOJiOKauHOHHbiM  oTpaacaTejib  Ha  ochobc 
pemeTOK  BaH-Arra 

Ha  pHC.  5  npeflCTaBJieHa  erne  onna  KOHCTpyK- 
UHH  panHOJioKaiXHOHHoro  oTpaxaiejm,  obnaaa- 
lomero  HeB3anMHbiMH  cBowcTBaMH.  OrpaxcaTejib 
BbinonHeH  b  b wne  JTHHeMHori  pemeTKH  BaH-Arra 
H  COCTOHT  H3  nonapHO  COenHHeHHbIX  C  nOMO- 
lUbio  BOJiHOBonoB  Kpyrjioro  ceueHHH  KOHHuec- 
khx  pynopHbix  aHTeHH.  fljrn  npocTOTbi  Ha  pnc.  5 
npencraBJieHbi  jinnib  TpH  napbi  kohhmcckhx  py- 
nopOB.  OnHaxo  b  peajibHOH  koh cTpyKLiu h  hx  ko- 
JlHUeCTBO  MOXCeT  6bITb  JIIObbIM,  H  OrpaHHUHBa- 
eTcn  TOjibKO  aonycTHMbiMH  reoMerpMuecKHMH 
pa3MepaMH  oTpaxaTeJiH.  npH  stom  arieKTpHnec- 
Kan  AJiHHa  bojihoboaob,  coenHHHiomHX  pynopbi, 
Bbi6npaeTCH  o/iMHaKOBOM  jxjin  Bcex  nap. 

C  uejibio  npnnaHMa  oTpaxarejno  HeB3aHMHbix 
Ha  npHeM  h  nepenauy  cbohctb,  b  bojihobo^hom 
TpaKTe  «1»,  coennHHiomeM  pynopbi  «P1»  n  «P2», 
pacnojioxceHo  ycrponcTBO  npeo6pa30BaHnn  no- 
JlHpM3aiXHOHHOrO  COCTOHHHfl  rrpoxoflflmHX  3M 


Radar  reflector  based  on  Van-Atta 
arrays 

Figure  5  shows  another  design  of 
radar  reflector  with  nonreciprocal  pro¬ 
perties.  The  reflector  is  a  linear  Van-Atta 
array  and  consists  of  conical  horn 
antennas  in  pairs  connected  by  round 
waveguides.  For  simplicity  sake,  Figure 
5  shows  only  three  pairs  of  conical  horns. 
However,  a  real  design  can  consist  of 
any  number  of  horns  and  is  restricted 
only  to  maximum  dimensions  of  the 
reflector.  Moreover,  the  electric  length 
of  waveguides  connecting  the  horns  is 
chosen  equal  to  all  pairs. 

The  nonreciprocal  reception  and  trans¬ 
mission  properties  of  the  reflector  are 
provoded  by  inserting  (into  the  waveguide 
channel  «1»  connecting  pairing  horns 
«P1»  and  «P2»)  device  (Fig.  6),  which 
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bojih  «3»  (pnc.  6),  b  cocraB  KOToporo  BKjnoneHbi 
Bpamarejib  hjiockocth  noji»pH3aunH  3MB,  oc- 
HOBBHHbiM  Ha  3<J)(J)eKTe  Oapajjea  (npeflCTaBJinio- 
mwft  co6oh  ceKUHio  Kpyrjioro  bojih OBoaa  c  4>ep- 
pHTOM  «5»  BHyrpw,  cTeneHb  HaMaraHueHHocTH 
KOToporo  mojkho  H3MeHHTb  b  uiHpoKHx  npejtejiax 
c  noMombio  3JieKTpoMarHHxa  «6»  pacno/ioxeH- 
Horo  Ha  och  BOJiHOBo^a  «1»);  ceKuna  Kpynioro 
BOJIHOBO.ua  C  BHeceHHOH  (J)a30B0H  nJiaCTHHKOH 
4,  MezuieHHaa  ocb  KOTopon,  opHeHTwpoBaHHa, 
no,a  yrjioM  a  oTHocHTejibHO  och  x  b  npaBocTo- 
poHHew  cHCTeMe  KoopjtHHaT  xyz.  CorjiacHo  pa- 
6ore  [4]  MOP  OTpaxcaTejia  3anmueTCH  b  bwjxc 


transforms  the  passing  waves  polarization 
state.  It  consists  of  the  polarization  plane 
rotator  based  on  the  Faraday  effect  (a 
section  of  round  waveguide  with  inser¬ 
ted  ferrite  «5»,  which  magnetization  deg¬ 
ree  can  be  changed  over  a  wide  range  by 
electromagnet  «6»  located  along  the 
waveguide  axis  «1»),  round  waveguide 
section  with  inserted  phase  plate  «4» 
(with  the  slow  axis  oriented  at  angle  a 
relatively  x-axis  in  the  right-handed 
coordinate  system.  According  to  [4],  the 
reflector's  BSM  is  written  as 


-2  C2  -(S,2  +C,2  -e~H)  -S2  •  (C, 2  -S,2H 
SyCC’-S^-O-e-*)  2-C2-(S,2+C,t-e-»)  . 


BbipaxceHHe  ana  K03(f)$>HLtHeHTa  HeB3aHM-  The  expression  for  the  non-reciprocity 
hocth  MOP  BHjra  (4)  6yaeT  BbimaaeTb  cjiejty-  coefficient  of  the  BSM  (4)  takes  the  form 
IOIHHM  06pa30M 


[sin(e)]2  [cos(2 

1  —  CO: 

»(♦)] 

[sin(e)]2  -  [sin(2  *  a)]2  •  [l  -  co: 

s(<|>)]  +  2-[cos(£)f 

(5) 


Phc.  5.  HeB3aHMHa«  pemeTKa  BaH- 
Ana 

Fig.  5.  Nonreciprocal  Van  Atta  array 
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Phc.  6.  YcTpoftcTBO  npeo6pa30BaHHH  nojwpH3auHU 
Fig.  6.  Polarization  transforming  device 
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Hapwc.  7  h  pwc.  8  npHBeaeHbi  3aBHCHMocrH  |£p 
ot  yrjioB  a,  e  ajw  cjiyqaa,  Kor.ua  b  TpaKT  noMe- 
meHa  HerBepTbBOJiHOBaa  (<|):=£90o)  h  nojiyBOjmo- 
Baa  d>a30Bbie  ruiacxHHbi  (4>— 1 80°). 


Figures  7  and  8  show  dependences 
|§P  on  angles  a,  e  for  the  case  of  inserted 
quarter  wave  (<j>— 90°)  and  half-wave 
(d>=180°)  phase  plates. 


Phc.  7.  3aBHCHMocTb  |£p  err  a, 8  npn  <j>=90 
Fig.  7.  versus  a ,8  (case  of  4>=90°) 


Hi 


Phc.  8.  3aBHCHMocn>  |q2or  a, 8  npn  <j>=180c 
Fig.  8.  |£f  versus  a, 8  (case  of  +=180°) 


M3  rpa4>HKOB  oieayeT,  mo  PO  Moacer  o6na- 

aaTb  pa3JIHHH3>IMM  nOJIflpH3aiUIOHHbIMH  CBOft- 
craaMH:  or  abco/nomo  HeB3aHMHHX  jao  b33hm- 
hwx,  a  Tarace  moxct  npoaBJum*  ce6a  KaK  oGbeicr 
c  qacnwHo  HeB33MMHHMM  CBoflcraaMH.  Qiy- 
qafi  s=0  cooTBercTByer  OTcyrcrBMK)  <J)a30Bpa- 
maTejw  b  Tpajcre,  npH  3tom  |£p=0.  Oco6o  He- 
o6xojtHMo  oTMexHTb  cjiyua#  a=±45°  ±90°  tj, 
n  —  0,1.  Ah3jih3  BbipaxeHMH  (5)  iroKa3biBaeT, 


It  follows  from  the  diagrams  that  ra¬ 
dar  reflector  can  possess  different  polari¬ 
zation  properties  varying  from  absolutely 
nomeciprocal  to  reciprocal, and  also  to  be 
as  object  with  partly  nonreciprocal  pro¬ 
perties.  The  case  8=0  corresponds  to  absence 
of  phase  shifter  in  the  channel,  so  that 
|^p-0.  It  is  imporatnt  to  mention  the  case 
a=±45°  ±90° 7i,  n  =  0,1.  The  analysis  of 
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hto  Bee  ajieMeHTbi  MOP  b  3tom  cjiynae  Hyjie- 
Bbie.  Oa30Boe  pacnpeA&ncHHc  KojiebaHHH  bo3- 
fiyxAaioujHX  pynopw  b  pemeTKe  raxoBO,  hto 
MaxcMMyM  flH  aHTeHHofl  peiuencH  He  coBna- 
4aeT  c  HanpaBJieHweM  Ha  ofijiynaioiuyK)  uejib 
CTaHUHio.  3M  bojihw,  pacnpocrpaHaiomHecfl  b 
HanpaBjfieHHH  Ha  PJIC  ot  nonapHo  conpaxceH- 
hwx  pynopoB,  npoTHBonojioxcHbi  no  (J>a3e  h 
KOMneHCHpyiOT  npyr  apyra. 


(5)  points  to  that  all  BSM  elements  equal 
to  zero.  The  phase  distribution  of  waves 
exciting  horns  in  the  array  is  such  one 
that  its  pattern  maximum  does  not  coin¬ 
cide  with  backward  direction  of  the  soun¬ 
ding  radar.  The  reflected  waves  propa¬ 
gating  to  the  radar  from  in  pairs  matched 
horns  have  opposite  phase  and  compensate 
each  other. 


3amnoieHiie 

PaccMorpeHHbie  Bwnie,  HCKyccxBeHHiie  PJI 
orpaxaTCJiH,  HMeioume  paajnwHbie  nonsproauHOH- 
Hbie  CBOHCIBa,  nO3B0MOr  HMHTHpOBaib  IUHpOKHft 
Kjiacc  ueneii  o6jiaoaiomnx  HecHMMerpHHHhiMH  MaT- 
prataMH  o6paTHoro  pacceaHHB.  Kco^huhcht  He- 
B3aHMHOcm  jwx  sthx  oGbCKiOB  6oawue  Hyrw.  3to 
no3BOJiaeT  Hcnojib30BaTb  yxa3aHHbie  orpaxanejiH 
b  3aaaqax  KannOpoBKH  nojiapHMerpoB,  npe£Ha3- 
HaHeHHblX  JUm  H3yHeHHfl  CBOHCTB  HeB3aHMHbIX 
OfibeKTOB.  Pacnerbl  3(JxJ>eKTHBH0ii  nOBepXHOCTH 
pacceflHHH,  npoBeaeHHbie  3a  paMxaMH  hbhhom 
paSoTbi  [3-6]  yKa3MBaiOT  Ha  to,  hto  ,zuih  3<ixjt>eK- 
THBHoro  Hcnojib30BaHHH  OTpaacareneft  npH  Hccrce- 
aoBaHHH  nojiapH3amiOHHbix  cbohctb,  hx  Hyxno 
Hcnoab30BaTb  b  cocxaBe  aHreHHbix  pemeroic 
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Conclusion 

The  considered  artificial  radar 
reflectors  having  different  polarization 
properties  allow  to  simulate  a  lot  of  ob¬ 
jects  with  asymmetrical  backascattering 
matrices.The  non-reciprocity  coefficient 
does  not  equal  to  zero  for  these  objects. 
It  allows  to  use  the  reflectors  for  cali¬ 
bration  of  radar  polarimeters  intended 
for  investigations  of  nonreciprocal 
objects.  The  RCS  calculations,  which 
have  been  carried  out  in  other  works 
[3-6],  indicate  that  the  effective  use  of 
the  reflectors  for  polarization  analysis 
is  possible  in  the  array  antennas. 
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JJpu  pemenuu  3adan  odnapyycenuR  paduonoKanu- 
OHHbix  neneii  no  noARpiaanuoHHbiM  npu3HaKOM  npo- 
u,ecc  o6napyjfcemw  npedcmaennemcR  e  eude  mko- 
mopozo  anzopunwa  npauRmuR pemenuR,  e  KomopoM 
peiuemie  o  HOJimuu  uau  omcymcmeuu  t(eau  dojiotc- 
ho  npuHiiMambCR  ho  ocuoee  coeoKynnocmu  3nme- 
Huii  nojinpinanuoHHbtx  napaMempoe,  nonyHemux  e 
dciHHbiii  MOMenm  epeMenu.  B  nocmomneu  pa6ome 
npednazaemcR  peaniaanuR  anzopumMci  npummuR  pe- 
uteuuR  e  jiozimecKOM  6a3uce  ucKyccmeennux  neit- 
ponHbix  cemeu  e  avynae  odHoncipaMempimecKOZo 
deyxanbmepHamueHozo  pacno3HoeaHUR 


Optimum  Detection  of  Radar 
Targets  by  Means  of 
Polarization  Signatures  with 
Application  of  Artificial  Neural 
Networks 

V.V.  Ryzhakov 

Surgut  State  University 
E-mail:  ryzvit@mail.ru 

Solution  of  radar  targets  detection  prob¬ 
lems  by  polarization  signatures  implies  that 
the  detection  process  is  presented  as  a 
decision-making  algorithm,  in  which  the 
decision  on  target's  presence  or  absence 
should  be  accepted  on  the  basis  of  a  values 
set  of  polarization  parameters  obtained 
at  the  given  instant.  In  this  paper,  reali¬ 
zation  of  decision-making  algorithm  in 
logic  basis  of  artificial  neural  networks  is 
suggested  for  the  case  of  one -parametric 
two -alternative  recognition . 


OnTHMajibHoe  peiuaiomee  npasmio 

3HaHeHHH  nojiHpH3auHOHHbTX  napaMeTpoB 
npeacraBJifliOT  co6oh  3HaneHHa  HeKOToporo  cjiy- 
qaHHoro  npouecca,  nooTOMy  ajiropHTM  onra- 
MajibHoro  oSHapyaceHHB  Moacer  6biTb  nocrpoeH 
nyreM  co3^,aHHH  pemaiomero  npaBHJia,  npea- 
cTaBJiaiomero  co6ow  oTHotueHHe  ycjioBHbix  co- 
BMeCTHblX  4>yHKUHH  nJlOTHOCTM  BepOHTHOCTH 
napaMeTpoB  uejieH.  FIojiyqeHHoe  oTHomeHHe 
cpaBHH BaeTca  c  noporoM,  onpeflejTHeMbiM  bbi6- 
paHHblM  KpHTepMeM  OnTHMajIbHOCTH  [1]. 

IlpH  pa6oTe  c  peaubHbiMH  paAHOJioicauHOH- 
HblMH  (PJ1)  UeJIHMH  eAHHCTBeHHOH  HH(J)OpMa- 
UHen  o  hhx  HBJiaeTca  coBoxynHocTb  Bbi6opou- 
Hbix  3HaqeHHH  nojiHpH3aitHOHHbix  napaMeTpoB. 

Hcno^b3yn  /taHHyio  coBoxynHocTb  moxho 
nocTpowTb  3MnnpHHecKyio  (J)yHKunio  pacnpe^e- 
;ie hhh  BepoaTHocra  3HaqeHMM  napaMeTpoB  ue~ 
jiefi,  a  no  Hen  oneHKy  (JjyHKUHH  iuiothocth  Be- 
poaTHOCTH,  nyreM  annpoKCWMauHM  onepauwn 
jlH^epeHunpoBaHwa  c  noMombio  pa3HocTHbix 
ypaBHeHHM  [2,  3]. 

B  [3]  npeAno^ceH  buboh  BbipaxeHna  turn  oueH- 
KH  4>yHKUHH  njioTHocTH  BepoBTHocTM.  B  cjiyuae 
OAHOMepHOft  (J)yHKUHH  riJIOTHOCTH  BepOflTHOCTH, 


Optimum  decision  rule 

Polarization  parameters  are  values  of 
a  random  process,  therefore  the  optimum 
detection  algorithm  may  be  developed  by 
construction  of  a  decision  rule,  which 
is  a  ratio  of  conditional  joint  probability 
distribution  functions  (PDF)  of  radar 
targets'  parameters.  The  ratio  is  compa¬ 
red  to  some  threshold  determined  by 
chosen  optimality  criterion  [1]. 

In  real  conditions,  the  only  informa¬ 
tion  about  radar  targets  is  a  set  of  sample 
values  of  polarization  parameters. 

Using  this  set,  one  can  determine  an 
empirical  probability  distribution  func¬ 
tion  of  the  taigets  parameters,  and  then 
to  find  PDF  estimate  by  approximation 
of  differentiation  with  using  difference 
equations  [2,  3]. 

Derivation  of  expression  for  estimate 
of  the  probability  distribution  function 
was  considered  in  [3].  In  the  case  of  uni- 
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T.e.  b  cjiyuae,  Kor^a  npHHHTHe  pemeHHB  o  Hajm-  variate  PDF,  i.e.  when  decision  making 
hhh  hjih  oTcyTCTBHH  uejin  ocymecTBJiaeTca  Bee-  on  target's  presence  or  absence  is  carried 
ro  no  oAHOMy  nojiapM3aunoHHOMy  napaMeTpy,  by  only  one  polarization  parameter,  the 
BbipaaceHHe  oueHKH  ycJiOBHoft  4>yHKUHH  expression  for  estimate  of  conditional 
ruioTHOCTH  BepoBTHOCTH  w(  x  \  S. )  nojiapH3a-  PDF  w(  x\  S.)  of  polarization  parameter 
UHOHHoronapaMeTpaxnpHycjioBHHB03HHKHOBe-  *  on  conditions  that  event  S.  G~0,  1) 
hhh  co6mthh  S.  (J  =  0,  1)  BbinumHT  cneayioiiiHM  occurs,  takes  the  form 
o6pa30M 

npH  HeneTHOM  k *  =  2 kj  -1  ,  k.  =  1,  2,... 


.(  0  ~  li )  (^  (X(2(t+k-l))  1  Si )  F(x(,,-k„ 

Sj))  [  Tlj(^(X(2(t+k))|Sj)  F(X(2(t-k)) 

*)) 

w(xlSi)-  (2kj-l)2hJ 

4kjhj 

> 

a) 

ecjiH 

if 

X  G  J  '^’(2/) )  ’  ■ 

..,-2,-l,0,+l,+2,...; 

|0\  ('  _r|j)(^(X(2  0^))  1  Sj)—  p(X(2(.-k*1)) 

|Sj))  4,  (^(X(2«+k))  Sj)^  p(x(2d-k)) 

si)) 

WWSi)=  (2kj-l)2hj 

4kjhj 

(2) 

ecjm 

if 

X  ^  [^(2/)  »  ^(2^+1))  »  ^  ~  * 

..,-2,-l,0,+l,+2,...; 

npw  qemoM  k *  =  2k } ,  k  =  1, 2, ... 

for  even  value  k*  =  2k j ,  kj  = 

1,2,. 

•• 

-{  \c\  (,"Tlj)(f7(X(2(l*t))|Sj)^^(X(!0-t))l 

Sj))  (^(X(2.(l+k-l))  |  Sj)“  ^(X(2  (t-k)) 

Is;)) 

W1XI SF  4kjhj 

’  (2kj-l)2hj 

5 

(3) 

ecjiH 

if 

xe[x(2,),x(2,+1)),/=. 

..,-2,-l,0,+l,+2,...; 

-/  ic\ 

,|Sj))  ,  ^  (P(X(2«^*.»)  i  Si)- ?(X(^.-k)) 

lsi)) 

W(xlSi)"  4kjhj 

(2kj  —  l)  2hj 

(4) 

ecjiH 

if 

),  /=  ...,-2,-l,0,+l,+2,...; 


B  BbipaxeHHBx  (l)-(4)  coSbirna  SQ  h  S{  co-  In  expressions  (1)  to  (4),  the  events 
oTBeTCTByiOT  cjiyna^M  oTcyrcTBHfl  h  HajiHMHH  50  and  correspond  to  absence  and 
uejin;  F(x(m)\Sj)  -  ycjioBHaa  3MnHpHHecKaa  presence  of  a  target;  F(x{m)\Sj)  is 
4>yHKUHH  pacnpeaejieHHH  BepoBTHocra,  onpe-  conditional  empirical  PDF  determined 
nejieHHaa  b  TOHKax  x(m)  (m  =  ...,  -2,  -1,  0,  1,  2,  in  points  x(m)  ( m  =  ...,  -2,  -1,  0,  1,  2, ...), 
...),  npeacraBJimomHx  co6on  rpammbi  OTpe3KOB  which  are  borders  of  grouping  segments; 
rpynriHpoBaHHfl;  h.  -  pm Ha  oTpe3Ka  rpynnupoBa-  h.  is  length  of  a  grouping  segment;  kj  is 
hhb;  k *  -  pa3Max  armpoKCHMaiiHH,  onpeaejiaeT  approximation  scope  determining  scope 
pa3Max  onepaTopa,  ocymecTBjiaiomero  annpoK-  of  an  operator,  which  carries  out  the 
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cHMauHio  onepauHM  jiMcJx|>epeHUHpoBaHMH  smith- 
pnqecxoft  (fiyHKUHH  pacnpe^ejieHHH  BepoHTHo- 
cth  jym  nojiyueHHfl  oijeHKH  (JiyHXUHH  nJioTHO- 
CTH  BepoaTHOCTH;  T|/  BeCOBOH  K03(J)4)HUHeHT 
onepaTopHow  annpoKCHMauHH. 

BbipaxeHHa  (l)-(4)  no3BOjmiOT  onpeflejiHTb 
3HaqeHHe  OUeHKM  (JiyHKHHH  rUIOTHOCTH  BepOBT- 
hocth  cjiynaMHoro  napaMeTpa  x,  npH  ero  nona- 
AaHHM  b  tot  HJiH  HHOH  0Tpe30K  rpynnHpOBaHHH. 
ripn  3tom  ycjioBHaa  3MnHpnnecKaH  (jjyHxijHfl 
pacnpe,aejieHHH  BepoaTHOCTH  F(x(m)\Sj)  4>op- 
MHpyeTCH  no  coBOKynHocTH  Bbi6opouHbix  3Ha- 
neHHft  cjiynanHoro  napaMeTpa  x,  nojiyneHHon 
Ha  npeaBapHTeubHOM  3Tane  o6yueHHn  [3]. 

B  c/iyuae  AByxajibTepHaTHBHoro  ojiHonapa- 
MeTpHiiecKoro  pacno3H  aBaH  hh  pemaiomee  npa- 
bhjio  c  Hcnojib30BaHHew  onepaTopHbix  oueHOK 
(JjyHKUHH  nJIOTHOCTM  BepOHTHOCTH  MO)KeT  6bITb 

3anHcaHo  b  cneayiomeM  BHAe  [1,3] 


approximation  of  differentiation  of  the 
empirical  PDF,  in  order  to  get  the  PDF 
estimate;  rj.  is  a  weighting  factor  of  the 
operational  approximation. 

The  expressions  (1)  to  (4)  allow  to 
find  the  estimate  of  PDF  of  the  random 
parameter  x,  when  it  falls  into  some  grou¬ 
ping  segment.  In  this  case,  the  conditional 
empirical  PDF  F(x(m)  |  Sj)  is  formed  by 
set  of  sample  values  of  the  random 
parameter  x  obtained  at  the  preliminary 
learning  stage  [3]. 

For  two- alternative  one-parametric 
recognition  case,  the  decision  rule  using 
the  operational  estimates  of  PDF  can  be 
written  as  [I,  3] 


*^1 

In  (Z(x))  =  In  (w(x  1 5, )) -  In  ( w(x  |  S0 ))  ^  ln(c), 

So 


(5) 


me  L(x)  -  oueHKa  oTHouieHHH  npaBAonoAO- 
6m;  w(jc  |  ^  ) ,  w(x|S0)  ~  ouemai  ycjioBHbix 
(JjyHKUHH  nJlOTHOCTH  BepOHTHOCTH  CJiyuaHHOrO 
napaMeTpa  x,  npn  ycnoBHH  HajinunH  h  oTcyr- 
CTBHH  nejin  cooTBeTCTBeHHo;  c  -  nopor,  Bejrn- 
HHHa  KOToporo  onpeAejiaeTca  Bbi6paHHbiM  xpH- 
TepweM  KanecTBa  iiphhhthji  pemeHHB. 


where  L(x )  is  an  estimate  of  the  likeli¬ 
hood  ratio;  w(x  |  ) ,  w(x  |  S0 )  are  esti¬ 

mates  of  the  conditional  PDFs  of  x  for 
presence  and  absence  of  target,  corres¬ 
pondingly;  c  is  a  threshold,  which  value 
is  determined  by  the  chosen  quality 
criterion  of  the  decision  making. 


PeajiH3aiuffl  oirraMajibHoro  peuiaiomero 
npaBHJia  b  JionmecKOM  6a3Hce 
HCKyCCTBeHHbtX  HewpOHHblX  CeTeH 

AHajiH3  BbipaaceHHH  ( l)-(5)  noKa3biBaeT,  hto 
peajm3auna  pemaiomero  npaBHJia  (5)  tccho  cbb- 
3ana  c  HeobxoAHMOcTbio  npoBejreHHH  3Tana  o6y- 
ueHHB.  Ha  3TOM  3Tane  nponcxoAHT,  Bo-nepBbix, 
nOCTpOeHHe  yCJIOBHbIX  SMnHpHHeCXHX  (jiyHXUHH 
pacnpeAeJieHHH  F(x(m)  \Sj),  a  BO-BTopbix,  on- 
peaeJieHne  3HaueHMH  TaxHX  napaMeTpoB  oueHOK 
(JiyHKUHH  nJlOTHOCTH  BepoBTHocrrH  w(x j  S} )  and 
w(x|50),  KaK  hr  11,,  k\,  A0,  r|0  h  k'0. 

TaKHM  o6pa30M,  yCTpOHCTBO,  peajIH3yK>mHH 
npaBHJio  (5)  aojdkch  6biT b  peajiH30BaH  b  TaxoM 
jionmecxoM  6a3Hce,  xoTopbiii  6bi  no3BOjnui 
npoH3BOAHTb  ero  o6yueHHe. 

B  HacTOHiueH  paboTe  b  xauecTBe  Taxoro  6a- 
3Hca  npejyiaraeTCH  jiornqecxHM  6a3HC  HcxyccT- 
BeHHbix  HeftpoHHbix  ceTew  [4,  5]. 

HcxyccTBeHHaji  HeHpoHHaH  cen>,  peajiH3y- 
lomaji  pemaiomee  npaBHJio  (5),  6yaeT  Bbinra- 
AeTb  xax  Ha  pnc.  1. 


Realization  of  an  optimum  decision 
rule  in  logic  basis  of  artificial  neural 
networks 

The  analysis  of  (1)  to  (5)  expres¬ 
sions  has  shown  that  implementation  of 
the  decision  rule  (5)  is  closely  connec¬ 
ted  with  the  learning  stage.  First,  at  this 
stage  the  conditional  empirical  PDFs 
F(x{m)  |  Sj)  are  found.  Secondly,  such 
parameters  of  PDF  estimates  w(x  \  Sl ) 
and  w(x  |  S0)  as  hv  Tip  k* ,  hQ ,  ri0  and 
k*Q  are  determined. 

Thus,  a  device  realizing  rule  (5) 
should  be  implemented  in  such  logic 
basis,  which  would  allow  to  make  its 
learning. 

In  the  given  paper,  the  logic  basis  of 
artificial  neural  networks  [4,  5]  is  sugges¬ 
ted  to  use  as  such  basis. 

An  artificial  neural  network  realizing 
the  decision  rule  above  is  shown  in 
Figure  1. 
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(1-st  layer)  (2-st  layer)  <3-st  layer)  (4-st  layer) 


Phc.1.  HcKyccTBeHHan  HeftpoHHaa  ceTb,  peajiH3yK>man  npaBHJio  npHH«THH 
peiUeHHH  O  HajIHHHH  HJIH  OTCyTCTBHH  IjejIH 
Fig.  I.  Artificial  neuron  network  realizing  decision-making  rule  on  presence  or 
absence  of  a  target 
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B  HeiipoHHOM  cera  Ha  pMC.  1  HcnoAb3yiOTCH  Me- 
Tbipe  caoh  HeMpoHOB.  nepBbiH  cjiom  npe^craRJieH 
AByXBXOAOBbIMH  HewpOHaMH  HI 1;  i  =  1, 

N0  JV 1H  /  =  0;  w  i  =  1,  ...,  X  /  =  1)  c 

(JjyHKUHeH  aKTHBaUHH  BHUa 


In  the  neural  network  (Fig.  1),  four 
layers  of  neurons  are  used.  The  first  layer 
is  presented  by  two-input  neurons  HI. 
(j  =  0,  1;  /=  1, N0for  /  =  0;  and  i  -  1, 
...,  N{  for  /  =  1)  with  activation  function 


y\tM)  = 


TPS  x'  =  aJ  gJ  x  +  aJ  g_x  i  (g  =  2,  4),  N,  -  whcjto 
MHTepBajioB  rpynnnpoBaHHJL 

Taxyio  xce  (jjyHKumo  aKTHBauHH  hmcjot  Tpex- 
BXO^OBbie  HenpoHbi  BToporo  (H2..)  h  eauHCTBeH- 
Hbifi  HewpoH  ueTBepToro  (H4)  ciioeB.  HewpoHbi 
TpeTbero  caoh  H30  m  H3,  o6AaAaroT  AorapH(})- 

MHMeCKOH  4)yHKUHeH  aKTHBaUHH,  T.e.  (JjyHKUHew 
BHAa  y3.  =  ln(x"),  rae  x"  ABAHeTca  cyMMapHbiw 
BXOAHbIM  CHrHaJIOM  HefipOHOB  H30  H  H3j. 

BecoBbie  K03(l)(J)HUHeHTbi  HenpoHOB  nepBo- 
ro  caoh  onpeAejiHiOTca  BbipaxeHHHMH 


*<0’  (6) 

x'>0, 

where  x'  =  a}  { x  +  ctjg_hi  ( g  =  2,  4),  N. 
is  a  number  of  grouping  segments. 

Three -input  neurons  of  the  second 
(H2.)  layer  and  a  neuron  of  the  fourth 
(H<$  layers  have  the  same  activation 
function.  The  third  layer  neurons  H30  and 
H3j  have  such  logarithmic  activation 
function  as  y3.  =  ln(x"),  where  x"  is  a  sum¬ 
mary  input  signal  of  H30  and  H3t  neurons. 

The  weighting  factors  of  the  first 
neurons  layer  are  determined  as 


_  _  -llhl-q  -l-a 

GJXi  U  ’  “A 2.'  ”  U  5 


x  ■  t+hj-i 
—  ]  min>/  j 


5  4  '  1 

J  h, 


(7) 


tjxq  xminj  -  MHHHMajibHoe  3HaueHHe  coBoxyn- 
HOCTH  BbifiopOMHbIX  3HaMeHHfi,  IIOJiyHeHHblX  npn 
yCAOBHHX  S.  (  /  =  0,  1). 

BecoBbie  K03<jxl)HUHeHTbi  HenpOHOB  TpeTbe¬ 
ro  caoh  b..  onpeAeAHiOTcn  Bbipa>KeHHHMH  (1)- 
(4),  3a  HCKJIIOMeHHeM  K03Cf)(f)HIJ,HeHT0B  b0Q  h  bl0. 
C  tomkh  3peHMH  noAyueHHH  onepaTopHbix  oue- 
HOK  4>yHKUHH  nJlOTHOCTH  BepOHTHOCTH 
w(x  |  tS] )  H  w(x|  SQ)  3HaqeHHfl  3THX  K03<Mm- 
UUeHTOB  AOJDKHbl  6bITb  paBHbl  HyJIIO.  OAHaKO  AAH 
MCKAIOMeHHH  CHTyauHH,  IIpH  KOTOpOfi  B  Hefipo- 
He  TpeTbero  caoh  6yACT  nponcxoAHTb  BbiuncAe- 
HHe  HaTypajibHoro  AorapH(J>Ma  ot  Hyjia,  3Haue- 
HHH  3 TUX  K03^>4)UUHeHT0B  HeobXOAHMO  npHHHTb 
paBHbIMH  HeKOTOpofi  MHHHMajlbHOH  BeJIHMHHe. 

B  HefipoHHofi  cera  puc.  1  HefipoHH  nepBoro 
h  BToporo  cjioh  pemaiOT  3aAauy  onpeACJieHHH 
HHTepBajia  rpynnHpoBaHHH,  b  KOTopbiw  nona- 
AaeT  3HaMeHue  cJiyuaftHoro  napaMeTpa  x.  Heii- 
poHbi  TpeTbero  cjiob  ocymecTBJiHiOT  onpeAeAe- 
Hwe  3HaHeHHfl  onepaTopHofi  oueHKM  ycAOBHbix 
4>yHKUHH  BepOHTHOCTH  Ha  3T0M  HHTepBaJie  H 
BbiMMCAeHHe  HaTypaAbHoro  AorapH(})Ma  ot  3thx 
3HaueHHft.  HefipoH  ueTBepToro  caoh  ocymecTB- 
AHeT  npHHHTHe  pemeHHA  o  HaAHMHH  HAH  OT- 
cyrcTBHH  ofiHapyjKHBaeMoft  ueAH.  3naueHHe  z—  1 
cooTBeTCTByeT  CHTyauHH  HaAHMHH  o6napy)KH- 
BaeMOH  ueAH,  a  z=0  cooTBeTCTByeT  CHTyauHH 
OTCyTCTBHH  UeAH. 


where  xmin  y  is  the  minimum  value  of  the 
samples  set  obtained  on  conditions  S.  (J  = 
°,  1). 

The  weighting  factors  of  the  3rd  neu¬ 
rons  layer  b..  are  found  from  (1)  to  (4) 
expressions  except  for  b00  and  bx  0  fac¬ 
tors.  In  the  view  of  getting  the  opera¬ 
tional  estimates  of  PDFs  w(x  |  S} )  and 
w(x  |  S0),  these  factors  should  be  equal 
to  zero.  However,  in  order  to  exlude  a 
possibility  of  caclulation  of  natural  loga¬ 
rithm  of  zero  in  the  3rd  layer,  the  factors 
values  should  be  set  equal  to  some  mini¬ 
mum  value. 

In  the  neural  network  in  Fig.  1,  the 
first  and  second  layer  neurons  deter¬ 
mine  the  grouping  segment,  in  which 
the  random  parameter  x  falls.  The  third 
layer  neurons  determine  the  operational 
estimate  of  conditional  PDF  for  this 
segment  and  calculate  natural  logarithms 
of  these  values.  The  fourth  layer  neuron 
makes  decision  on  presence  or  absence 
of  the  detected  target.  Values  z=  1  and 
z=0  correspond  to  the  cases  of  the 
target's  presence  and  absence,  correspon¬ 
dingly. 
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AjiropHTM  oGyneHHa  HeftpoHHOH  cera  3aK- 
jnonaeTca  b  TaKOM  no/iGope  napaweTpoB  one- 
paTOpHOH  OUeHKH  (h,  COOTBeTCTBeHHO,  BblHHC- 
JieHHH  BeCOBLIX  K03(})$HUHeHTOB),  npH  KOTOpOM 
npH  BblGpaHHOM  KpHTepHH  OriTHMajIbHOCTH  o- 
cTHraaacb  6bi  3a£aHHan  BepoaraocTb  ouihGkh 
npHHHTHa  penieHHfl.  B  nponecce  HacrpoHKM  cera 
Taoce  onpeflejineTCfl  h  o6mee  kojimmcctbo  Hefi- 
Pohob  nepBoro  m  BToporo  cjioeB. 
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The  learning  algorithm  of  a  neural  net¬ 
work  consists  in  such  parameters  selection 
of  the  operational  estimate  (and,  therefore, 
calculation  of  the  weighting  factors), 
which  provides  the  given  probability  of 
decision  making  error  for  the  chosen  opti¬ 
mality  criterion.  During  the  network  tuning, 
total  number  of  the  first  and  second  layer 
neurons  is  also  found. 
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In  the  given  paper,  approach  allowing  to  detect 
subsurface  low-contrast  (by  dielectric  pro¬ 
perties)  objects  with  attracting  data  on 
reflected  electromagnetic  signals  is  suggested 


BecAeiine 

Mcnojib30BaHHe  reopa^apa  ajih  o6napy)KeHHfl 
no^noBepXHOCTHbix  o6beKT0B  npextnojiaraeT  cxa- 
HHpoBaHHe  noBepxHOCTM  CHmajioM  Ff  m  o6pa- 
6oTKy  oTpa>xeHHoro  cHraana  FR.  06mhho,  Mare- 
MaraHecKaH  o6pa6oTKa  cboahtca  k  nocrpoeHHio 
C  HeKOTOpbIM  LLiarOM  M30JIHHHH  «aMTUIHTya.bI»  “ 
MaKCHMajibHoro  3HaueHHfl  FR  (hum  hhoh,  mo- 
aceT  6biTb,  HHTerpajTbHOH  xapaicrepMCTHKH)  Bcex 
OTpaxeHHbix  cHTHaaoB.  IToJiyuaeMbie  npn  3tom 
KOHTypbi  no3BOJiHK>T  o6pHcoBaTb  ouepTaHHe 
o6beKTa  npH  HajiHHHH  ^ocraTOMHoro  KOHTpacTa 
no  /tHSJieKTpHuecKHM  CB0HCTB3M  o&bexra  M  Cpe^tbl. 
Korfla  TaKOM  KOHrpacT  Man  h,  k  tomy  ace  pa3- 
Mepbi  oG-beKTa  HeBejiHKM,  npHXOAHTCB  npH6e- 
raTb  k  ^pyrHM,  6ojiee  H3ompeHHbiM  cnoco6aM 
o6HapyxeHHH.  K  hx  HHCJiy  othochtch  h  Ham 

noflxoa. 

1.  MeTo^  BbiHBJieHHJi  cTpyKTyp 

npejcuraraeMbiH  HaMH  MeTOfl  -  b  ^ajibHeHmeM 
6yaeM  ero  Ha3biBaTb  MeroflOM  buhbjichhh  CTpyK¬ 
Typ  (MBC)  -  6a3HpyeTCH  Ha  no£xoae,  koto- 
pbift  moxcho  oxapaKTepH30BaTb  KaK  cnoco6  06- 
HapyjKemiH  3aK0H0MepH0CTefi  b  SMnHpHuecKHX 
aamibix  [1].  Ero  npMMeHeHHe  k  stom  3aztaue  oc- 
HOBbiBaeTcn  Ha  npocToft  Hflee  Maxoacaemm  npo- 
CTpaHCTBeHHbix  ToneK,  o6jiaaaiomHx  Hanbojib- 
nieii  KOHTpaCTHOCTblO,  OTHOCHTCJIbHO  apynix 
«^)OHOBbix»  ToneK.  HajiMHHe  no#  noBepxHocTbio 


Introduction 

The  use  of  a  georadar  for  detection 
of  subsurface  objects  meams  the  surface 
scanning  by  signal  Ff  and  processing  of 
reflected  signal  FR.  Usually,  the  mathe¬ 
matical  processing  consists  in  plotting 
"amplitude"  (maximum  value  FR  or  may 
be  another  integrated  performance)  iso¬ 
grams  with  some  increment  for  all 
reflected  signals  .  The  obtained  contours 
allow  to  depict  an  outline  of  objects  if 
there  is  sufficient  contrast  in  dielectric 
properties  of  object  and  medium.  When 
the  contrast  is  low,  and  object  sizes  are 
small,  it  is  necessary  to  use  other,  more 
refined,  detection  methods.  Our  approach 
refers  to  their  number  also. 


1.  Method  of  structures  revealing 

Our  method  is  based  on  the  appro¬ 
ach  which  can  be  characterized  as  detec¬ 
tion  method  of  regularities  in  empirical 
data,  and  we  shall  call  it  as  method  of 
structures  revealing  (MRS)  [1].  This 
method  is  grounded  on  simple  idea  of 
finding  space  points  having  the  most 
contrast  range  relatively  other  "back¬ 
ground"  points.  The  presence  of  objects 
under  surface  with  other  permittivity 
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o&beicra  c  flpyrow  BHanejcrpHuecKOM  npoHHuaeMo- 
crbK)  npHBo^HT  k  HCKaxeHHJO  orpaaceHHoro  cht- 
Hajia  Fr  b  oGjiacrra  Haxo)KfleHHfl  o6i>eKTa  no  cpaB- 
HeHHK)  c  «4>ohobmmm»  T04KaMM.  3th  KOHTpacmbie 
T04KH  M  BBIHBJmJOTCfl  flaHHBIM  MeTOXIOM.  H  eCJIH 
3TH  T04KH  pacn0J10>KeHLI  KOMnaKTHO  MJIH  fleMOH- 
CTpnpyiOT  HHyio  npocipaHCTBeHHyio  3aKOHOMep- 
HOCTb,  TO  3Ta  COBOKyilHOCTfc  T04eK  MOXCeT  6bITb 
jim6o  o6beKTOM,  jih6o  npocTO  xmsjieKTpMHecKOM 
HeOAHOpO^HOCTbK)  Cpe^bl,  06pa30BaHH0M,  Ha- 
npHMep,  noBbimeHHon  BJitDKHocTbK)  rpyHTa. 

MeTOfl  othochtch  k  rpynne  mctoaob,  hc- 
nojn>3yioiuHX  npeflCTaBJieHHB  Teopnn  rpa(})OB  [2), 
h  npe^Ha3HaneH  xum  oflHapyxeHHB  3aKOHOMep- 
HOCTeft  b  3KcnepHMeHTajibHbix  xiaHHbix  jnoboft 
npnpoflbi.  Bojiee  rioxipobHO  stot  mctoa  H3jio- 
xeH  b  [3].  B  caMon  o6men  nocTaHOBKe  3a^ana 
<J)opMy;iHpyeTCH  cJiejiyioiuHM  o6pa30M:  HMeeT- 
cb  N  o6beKTOB,  KaxcubiH  oGbeKT  xapaicrepmy- 
eTCB  Ha6opOM  KOHKpeTHbIX  3HaHeHHM  no  Ka>K- 
AOMy  H3  A/npH3naKOB.  Heo6xoztnMO  pa36nTb  bcio 
COBOKynHOCTb  o6i>eKTOB  Ha  HeSojibmoe  hhcjio 
KjiaccoB  (cTpyicryp)  TaK,  htoBbi  b  Ka^bin  KJiacc 
bxootjih  o6beicrbi,  o6jia^aioiUHe  MaKCHMajibHon 
cxoxcecTbK).  HHane  roBopB,  Hajjo  cTpyKTypHpo- 
BaTb  ^aHHbie.  3to  nepBbiM  3Tan  o6napy>KeHHH 
3aK0H0MepH0CTeM.  Hmch  nozioGHoe  pa36neHne 
mo)kho  pemaTb  h  6ojiee  tohkhc  sa^ann,  bhbb- 
jiBTb  tfpyrne  cKpbiTbie  cbh3h. 

B  npHjioxceHHH  k  3ajia4e  oSHapyxeHHH  noa- 

nOBepXHOCTHblX  O&beKTOB  MeTOJI  BblTJIBflHT  CJie- 
iiyiomHM  o6pa30M. 

Hccjie^yeMaB  noBepxHocTb  noKpbiBaeTcn  pe- 
ryjiBpHoft  (He  o6B3aTejibHO,  Boobme  roBopa) 
ceTKoif,  b  Kax^oH  TOHKe  xfj  (z=l,...,ta;  /=l,...,fcy) 
KOTOpOH  HMeeTCB  OTpcDKeHHblH  cnrHaji,  npeji- 
CTaBJTBIOmHH  C060H  BeKTOp  pa3MepHOCTH  M ,  T.e. 


results  in  distortion  of  the  reflected  signal 
Fr  in  the  area  containing  an  object  in 
comparison  with  the  'Background"  points. 
It  is  the  contrast  points  that  are  revealed 
by  the  given  method.  If  the  points  are 
located  compactly  or  show  other  spatial 
regularity,  then  this  points  assemblage 
can  be  either  object  or  a  dielectric 
inhomogeneity  of  medium  formed,  for 
example,  by  increased  moisture  of  soil. 

The  method  belong  to  the  group  of 
methods  using  representations  of  graph 
theory  [2]  and  is  intended  for  detection 
of  regularities  in  experimental  data  of  any 
nature.  In  more  details,  this  method  was 
described  in  [3].  In  general,  the  problem 
is  formulated  as  follows.  There  are  N 
objects,  each  of  which  is  characterized 
by  set  of  specific  values  for  every  of  M 
attributes.  It  is  necessary  to  divide  all 
assemblage  of  objects  into  small  number 
of  classes  (structures)  so  that  each  class 
includes  objects  having  the  maximum 
similarity.  In  other  words,  it  is  necessary 
to  structure  the  data.  It  is  the  first  stage 
of  regularities  detection.  Having  the 
similar  separation,  it  is  possible  to  solve 
and  more  fine  problems,  and  reveal 
other  latent  relations. 

As  applied  to  detection  of  subsurface 
objects,  the  method  looks  as  follows. 

The  explored  surface  is  plotted  by 
regular  (not  necessarily)  grid,  where 
in  every  point  x.  (/=l,...,fac;  /=l,...,Ay) 
there  is  reflected  signal  as  M-dimensioanI 
vector,  i.e. 


))  =  F,j^Fk, 


(1) 


rae  /(/.)  —  3HaueHHe  OTpaxeHHoro  cwniajia  b 
MOMeHT  BpeMeHH  a  k=l,...,N.  B  npoerpaHCTBe 
Q  pa3MepHocTH  L  (6yueM  o6o3HaqaTb  Q(Z)), 
06pa30BaHH0M  KOOpBjMHaTHbIMH  OCBMH 
TaKOH  BeKTOp  OT06pa3HTCB  B  TOUKy  C  KOOpflHHa- 
TaMH  /(/j),  /(Z2),...,  f{tM).  y  Hac  N  CHTHaJIOB 
( N-kx-ky ),  nosTOMy  b  otom  npocTpaHCTBe  6yaeT 
N  ToueK  Fk.  5Icho,  4T0  ecjiH  aBe  tohkh  6yayr 
6jih3ko  apyr  ot  apyra,  to  cooTBeTCTByiomHe  cht- 
Hajibi  (KaK  4>yHKUHH)  6yayT  noxoacn  apyr  Ha 
apyra.  B  stom  cjiyuae  hx  mojkho  othccth  b  o^hh 
KJiacc.  B  npoTHBHOM  cjiyuae  ohm  jiojDKHbi  nonacrb 
b  pa3Hbie  miaccbi.  B  KanecTBe  Mepbi  ereneHH 


where  f{t)  is  the  reflected  signal  at  instant 
tr  and  k=\,...,N.ln  T-dimensional  space 
Q  (denoted  by  Q(T))  formed  by  coordi¬ 
nate  axes  tvt2,...,tw  such  vector  will  be 
mapped  into  point  with  coordinates  /(Zj), 
/(Z2),..,  f{tM).  We  have  A  signals  (N^kx-ky), 
therefore,  in  this  space  will  be  N  points 
Fk.  It  is  clear  that  if  two  points  will  close 
to  each  other,  the  corresponding  signals 
(as  functions)  will  be  similar.  In  this  case 
they  can  be  attributed  to  one  class. 
Otherwise,  they  should  be  put  in  different 
classes.  A  measure  of  the  points  proximity 
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6ah30CTh  odbiuHO  Hcnojib3yiOT  noHHTHe  paccTO- 
flHHH  mokaY  TOHKaMH.  ^Ba  o6Beicra  6yAyr  noxo- 
xh  apyr  Ha  Apyra,  ecAH  paccTOAHne  Me>KAy  hmmh 
Majio.  A  3To  6yaex  b  tom  cjiynae,  Kor^a  cootbct- 
CTByiOmHe  3HaueHHA  npH3HaKOB  AAA  3THX  o6beK- 
tob  otji  hm  aioTCB  Apyr  ot  apyra  He3HaHHTejibHO. 

PaCCTOHHHe  MOACHO  BbIHHCAATb  pa3J!HHHbIMH 
cnocoSaMH  b  3aBHCHMOcm  ot  cbomctb  npocTpaH- 
ctbb  Q(L).  Ecjih  mh  cuHTaeM  npocTpaHCTBo 
Q(L)  eBKriHAOBbiM,  to  paccTOAHHe  MeACAy  toh- 
K3MH  paCCMHTbIBaeTCH  KaK  KOpeHb  KBaApaTHbIM 
H3  KBaApaTOB  pa3HocTeH  KOopAHHaT.  Tenepb,  hto- 
6bi  pacnpeAejiHTb  Bee  toukh  no  KJiaccaM,  HaAo 
noHHTb,  KaK  ohm  pacnoAOAteHbi  b  Q(L).  Rcho, 
HTO  3T0  6yAeT  3aBMCeTb  OT  BblGpaHHOH  MeTpH- 
kh,  xaK  hto  3Aecb  MMeeT  MecTo  HeoAH03Han- 
HOCTb.  OAHaKO,  npH  HCn0JIb30BaHHM  CHAbHbIX 
uiKan  aaa  onncaHHH  npM3HaKOB,  pe3yjibTaTbi, 
KaK  npaBHAO,  He  CHAbHO  3aBHCBT  OT  Bbl6opa 
MeTpHKH.  EcTb  pa3Hbie  MeTOAbI  KJiaCCH(J)HKanHH, 
npUBOABinne  k  pa3HbiM  pe3yjibTaTaM,  ho,  k 
coxcajieHMio,  HeT  o6i>eKTHBHoro  KpHTepHA,  ko- 
TopbiH  no3BOJi«A  6bi  CKa3aTb  KaKoe  pa36neHne 
HBJiaeTCH  onTHMajibHbiM.  MBC  o6jiaAaeT  uejibiM 
P^aom  npenMymecTB  nepeA  ApyrHMH  MeTOAaMH. 
CaMoe  TAaBHoe  cpeAH  hhx  cjieAyiomee  -  He  HyAC- 
Ha  HHKaKaa  anpHopnaa  HH(J>opMauHA  o  koah- 
qecTBe  KJiaccoB.  CTpyicrypa  3Kcn epn MeHTajibHbix 
AaHHbix  BbiAeAHeTCH  ecTecTBeHHbiM  o6pa30M  6e3 
HcnoAb30BaHHH  npoueAyp  caMocornacoBaHHH. 

2.  AjiropwTMbi  MBC 

2.1  AjizopumM  KjiaccuipuKanuu 

KaXAOH  npOCTpaHCTBeHHOM  TOHKe  Xk  CTaBHT- 
ca  b  cooTBeTCTBne  BepniHHa  k  HeKOTOporo  rpa- 
4>a  G.  flajiee,  paccuMTbiBaiOTCA  paccTOAHHA  d.. 
Me>KAy  kajkaom  napow  ToneK  x.  n  xf  KaACAon  Ayre, 
coeAHHHiomeft  BepWHHbi  i-ro  h  /-to  rpacjm,  npn- 
cBaHBaeTca  cTOMMOCTb  (Bee),  paBHaH  paccroA- 
HHIO  d:  B  npOCTpaHCTBe  npH3HaKOB  Q(L)  MeAC- 
Ay  TOMKaMH  x.  h  x  .  IloAyMaeTCA  noAHbin  rpa(J),  T.e. 
KaAtaaA  BepniHHa  cBA3ana  co  bccmh  ocTajibHHMH 
A-l  BepuiHHaMH.  Ecah  Tenepb  nocAeAOBaTeAbHO 
yAaAATb  M3  rpa(J>a  Ayrn  c  6oAbinoM  ctohmoctho, 
to,  HaHHHaa  c  HeKOTOporo  MOMeHTa,  mcxoahbih 
rpacj)  cTaHeT  HecBA3HbiM.  KaACAaA  KOMnoHeHTa 
CBA3H0CTH  COAepACMT  B  Ce6e  OTH OCHTeAbHO  KOM- 
naicrao  pacnoAOAceHHbie  tohkh  b  npOCTpaHCTBe 

Q(L).  npoAOAAcaa  3Ty  npoueAypy,  Mbi  6yaeM  no- 

Aynaxb  Bee  HOBbie  n  HOBbie  KOMnoHeHTbi  cba3ho- 
CTH  C  pa3HbIM  KOAMMeCTBOM  BepHIHH. 

KaxAyio  KOMnoHeHTy  cba3hocth  6yneM  Ha- 
3bIBaTb  KA3CCOM.  KoAHHeCTBO  KAaCCOB,  KOTOpoe 
HaAo  BKAK)liaTb  b  pe3yAbTHpyiomyK)  KAaccn^H- 
KauHio,  onpeAeAACTCA  neAbio  m cca eAOBaHM a . 


is  a  distance  between  these  points.  Two 
objects  will  be  similar  if  a  distance 
between  them  is  small.  This  will  take  place 
in  the  case  when  the  corresponding  at¬ 
tributes  for  these  objects  differ  from  each 
other  slightly.  The  distance  can  be  found 
by  different  methods  depending  on  the 
space  Q(L)  properties.  If  we  consider 
the  space  as  Euclidean,  the  distance 
between  points  is  a  root  square  of  squares 
of  coordinates  differences.  To  classify  all 
points,  it  is  necessary  to  understand  how 
they  are  located  in  Q(L).  It  is  clear  that 
it  will  depend  on  the  chosen  metric,  so 
that  we  have  some  ambiguity.  However, 
with  the  use  of  the  strong  scales  for  the 
attributes  description  the  results  depend 
not  strongly  on  the  metric  choice.  There 
are  various  classification  methods, 
which  lead  to  different  results.  Unfortu¬ 
nately,  there  is  no  objective  criterion 
which  would  allow  to  tell  what  separation 
is  optimum.  MS R  has  a  lot  of  advantages 
compared  with  other  methods.  The  most 
important  consists  in  that  we  need  no 
any  a  priori  information  about  number 
of  classes.  The  structure  of  experimental 
data  is  revealed  naturally  without  using 
procedures  of  the  self-coordination. 


2.  MSR  algorithms 

2.1  Algorithm  of  classification. 

Each  space  point  is  associated  with 
vertex  k  of  some  graph  G.  Then,  the 
distances  d..  between  each  pair  of  points 
x.  and  x.  are  calculated.  A  cost  (weight) 
equal  to  distance  d..  in  space  of  attributes 
Q(L)  between  points  x.  and  xy  is  attri¬ 
buted  to  each  arc  connecting  vertices  of 
/-th  and  /- th  graph.  Thus,  we  get  com¬ 
plete  graph,  i.e.  each  vertex  is  connected 
to  all  other  N- 1  vertices.  Now,  if  consis¬ 
tently  delete  arcs  with  large  costs  from 
the  graph,  that  since  some  moment  the 
initial  graph  becomes  inconsistent.  Every 
connectedness  component  comprises  a  ra¬ 
ther  compactly  spaced  points.  Procee¬ 
ding  with  this  procedure,  we  will  get 
new  components  of  the  connectedness 
with  different  number  of  vertices. 

Let  call  every  connectedness  compo¬ 
nent  as  a  class.  The  number  of  classes  to 
be  included  in  the  final  classification 
depends  on  the  purpose  of  studies. 
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2.2.  AjieopuntM  Haxoxcdenun  KOfimpacmmux 
moneK 

Ha  ocHOBe  Mexo/ja  MBC  6bi;m  co3AaHbi  h 
Apyrne,  6o/iee  npocxbie  anropHXMbi  obHapyace- 
hhb  crpyKTyp,  KOTopbie  He  Hcnonb3yiox  npo- 
ueaypw  BbmeneHHB  KOMnoHeHT  cbb3hocxh.  3^ecb 
npHBOAHXCB  OAHH  H3  HHX. 

B  3T0M  ajiropHTMe  xaioxe  yAajunoxcn  Aym,  ho, 
HanHHan  c  Ayr  c  MajibiM  BecoM.  3aieM  nocjieao- 
BaTejibHo  (c  HeKOTopbiM  maroM  no  BenHHHHe) 
H3  rpa(J)a  yaanBioxcB  jiym  co  Bee  6ojibmen  h  6oab- 
men  cTOHMocTbio.  Ha  kkxjxom  mare  BeAexcB  pac- 
nex  cTeneHew  Bcex  BepmHH  rpa(J>a  sk.  CTeneHbio 
BepmnHbi  Ha3biBaeTCB  uhcao  Ayr,  CBB3biBaiomHX 
sxy  BepmHHy  co  BceMH  ocxaAbHbiMH.  flosxoMy 
BepmHHa  k*,  o6naAaiomaa  MaxcHMaAbHbiM  3Ha- 
neHHeM  sk,  byaer  MaKCHM  anbHO  yaajieHHOM  ot  Bcex 
ocrajibHbix  BepuiMH  rpa(})a.  B  pe3yjibTare  sxoh  npo- 
ne^ypbi  c(J)opMHpyeTCH  coBOKynHoerb  BepniHH, 
o6^a^aiomHX  HaH6ojibmHMH  3HaqeHHBMH  j  ko- 
xopaB  h  6ynex  npeAcraBJinxb  co6oh  MHoxecxBo 
HanOoziee  KOHTpacTHbix  xonex. 

flaHHbie  ajiropHTMbi  o6jiajxaiOT  cneAyioiUHMH 
AOCTOHHCTBaMH: 

-  npoBBJinexcB  jxsokc  HeOojibiiiaB  pa3HHija  b  ah- 
3JieKTpHMeCKHX  CBOHCXBaX,  nOCKOJIbKy  OXblC- 
KHBaiOXCB  XOHKH  OTHOCHTCJIbHOrO  KOHTpaCTa; 

-  c  Hcnojib30BaHHeM  noAobHbix  npoue^yp  mo>k- 
ho  HawTH  BpeMeHHoe  okho,  rae  cymecxByeT 
HawSojibrnee  oxnHBHe  MexAy  oxpaaceHHbiMH 
CHmanaMH.  B  stom  cnyuae,  BepmHHaw  rpa^a 
cxaBnxcB  b  cooTBeTCTBHe  BpeMeHHbie  oxcue- 
Tbi,  a  ponb  npH3HaKOB  BbinoAHBiox  npocipaH- 
CTBeHHbie  TOHKH;  3aTeM  CHOBa  BblHHCABeXCB 
MaTpmja  paccTOBHHH  D-{d0\  h  npHMeHHeT- 
cn  aio6oh  H3  BbimeynoMBHyTbix  aaropHXMOB. 


2.2.  Algorithm  for  contrast  points 
searching 

Based  on  the  MSR  method,  other 
more  simple  algorithms  of  structures 
detection,  which  do  not  use  procedure 
of  selection  of  the  connectedness  compo¬ 
nents,  have  been  developed.  Below  we 
present  one  of  them. 

In  this  algorithm,  the  arcs  are  deleted 
starting  with  arcs  having  small  weights. 
Then,  step  by  step  the  arcs  having  more 
cost  are  deleted  from  the  graph  sk.  At  each 
stage,  calculation  of  all  nodes  extents  of 
the  graph  is  performed.  The  vertex  extent 
is  a  number  of  the  arcs  connecting  this 
vertex  with  all  others.  Therefore,  the  vertex 
k*  with  maximum  value  will  be  as  much 
as  possible  distant  from  all  other  nodes 
of  the  graph.  As  a  result  of  this  procedure, 
the  set  of  vertices  having  maximum  values 
sk  is  formed,  which  will  represent  the 
most  contrast  points  totality. 

The  given  algorithms  have  the 
following  advantages: 

-  since  the  points  of  relative  contrast 
are  found,  even  small  difference  in 
dielectric  properties  is  manifested; 

-  with  the  use  of  similar  procedures  it 
is  possible  to  find  a  time  window  where 
there  is  the  largest  difference  between 
reflected  signals.  In  this  case,  time 
samples  are  compared  to  nodes  of  a 
graph,  and  space  points  play  the  role 
of  attributes;  then  the  distance  matrix 
D={d.. )  is  calculated  again,  and  any  of 
the  mentioned  algorithms  is  applied. 


3.  Pe3yjibTaTbi 


3.  Results 


Mexoa  6bui  Mcno/ib30BaH  ajib  obHapyxeHHB 
HecKOJibKHX  oGbeKTOB,  pacnojioxeHHbix  b  cyxoM 
necKe  Ha  pa3Hbix  rnyfinHax,  a  xaioxe  Ha  noBepx- 
HOCTH.  PucyHKH,  npHBefleHHbie  HPOKe,  othocbtcb 
k  flaHHbiM,  nojiyueHHbiM  Ha  oahom  cxeHAe.  Illar 
no  ocbm  10  cm.  ChpaxeHHbiH  cHinaa  3aAaBancB 
256  oxcuexaMH  b  121 -oh  npocTpaH cTBeHH oh  tou- 
Ke.  II OJIBpH3aiXH OHHbTe  3(Jx})eKTbI  HMHTHpOBajIHCb 
HanpaBjieHHeM  abhxchhb  aHxeHHbi.  Tax,  npn  n- 
opneHTauHH  KHpnnu  pacnoiiarajicB  napajuiejibHo 
HanpaBJieHHK)  ABHxeHHB  aHTeHHbi,  npn  p-opnen- 
TanHH  -  nepneHAHKyjiBpHo,  h  npn  s  -  no#  yrnoM 
45°.  BenHHHHbi  b  KaxAofi  nueiiKe  xafijiHUbi  xapax- 
TepH3yror  cxeneHb  KompacTH octh  naHHOH  npo- 
CTpaHCTBeHHOH  TOMKH.  3aTeMHeHHbie  KJieTKH  OT- 


The  method  has  been  applied  for 
detection  of  some  objects  located  in  dry 
sand  at  different  depths  and  on  the 
surface.  The  figure  shows  data  obtained 
on  the  same  test-bench.  The  increment 
along  the  axes  is  10  cm.  The  reflected 
signal  was  set  by  256  samples  in  121-st 
space  point.  The  polarization  effects  were 
simulated  by  direction  of  the  moving 
antenna;  with  ^-orientation  a  brick  was 
aligned  in  parallel  to  the  antenna 
movement  direction,  at  p-orientation  it 
was  perpendicular,  and  at  45°  under  s- 
orientation.  Each  value  in  the  Table  cell 
characterizes  the  contrast  degree  of  the 


235 


AfieopumMbi  oQuapywenun  ManoKOHmpacmHbix  odheicmoe  ... 


HOCHTCfl  K  CyXOMy  KHpITHHy,  3aKonaHHOMy  TaK,  HTO 
ero  BepxHHfl  rpaHb  pacnonarajiacb  Ha  oahom  ypoB- 
He  c  noBepxHocTbio  necxa. 


given  space  point.  The  dark  cells  refer  to 
dry  brick  burden  so  that  its  upper  edge 
was  at  the  same  level  as  the  sand  surface. 
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Phc.  H3o6pa>KeHHe  KHpnrm  Ha  noBepXHocTH  pa  cneflyiomHX 
cjiyuaeB:  a)  b  /i-opHeHTaunu,  b)  b  p-opueHTamni,  c)  b  s- 
opueHTauuH 

Fig.  Image  of  a  brick  on  surface  for  the  cases:  a)  n -orientation,  b)  p- 
orientation,  c)  5-orientation 
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Hcnojib30BaHne  nojiapH30BaHHoro  curaajia  The  use  of  polarized  signal  allows  to 
no3B0Ji*ieT  yroHHHTb  (jjopMy  obbeicra,  ero  opn-  detail  the  objects  shape  and  spatial 
eHTaunio  b  npocTpaHCTBe,  flBjmacb,  TeM  caMbiM,  orientation,  being  thereby  the  necessary 
HeoSxo/wMbiM  ajieMeHTOM  min  H,aeHTH(})MKanHH  part  of  subsurface  objects  identification. 
o6beicra. 
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The  paper  presents  a  short  review  of  expe¬ 
rimental  investigations  of  UHF  wave  pro¬ 
pagation  conditions  over  the  West  Siberia. 
There  is  given  information  concerning  the 
equipment  for  experiments  and  opportunity 
to  expand  investigations  of  radiosignals 
structure  in  the  area 


Kpanoiif  o630p  npoBe/temibix  HccjieAOBanHH  Short  review  of  the  experiments 


9KcnepH\ieHTajibHbie  Hccjie^oBaHHH  pacnpo- 
crpaHeHHfl  pa^HOBOJiH  YKB  AHana3ona  h  conpa- 
xeHHbie  HccnefloBaHHfl  rHapoMereoponorHMecKMX 
xapaicrepHCTMK  hmxhch  aTMoctpepbi  Ha  reppmo- 
pMH  3anaOHOH  Ch6hph  Hauajincb  b  KOHue  50-x  rr. 
npoimioro  cTOJieraa  h  npoztoJixcaiOTCH  c  nepe- 
pbiBaMH  #o  HacTonmero  BpeMenw. 

B  ToMCKe  b  1958-1961  rr.  corpyzmHKaMH  Tom- 
cKoro  nojiHTexHHHecKoro  HHCTHTyra,  a  b  /tajib- 
HeHiueM  ~  ToMCKoro  rocynapcTBeHHoro  yHHBep- 
CHTeTa  cwcTeM  ynpaBJieHHB  h  paoHoajieicrpoHHKH 

(TYCYP),  6bUiH  npoBe^cHbi  uccjieaoBaHHB 
CTpyKTypbi  npBMbix  pa^HOJioKauMOHHbix  cHraa- 
jiob  3-cm  aHana30Ha  b  ycjiOBHHX  ripnMOH  bhah- 
MOCTH  H  B  30He  .QHCppaKUHH  BOKpyr  3CMHO& 
noBepxHOCTH  Ha  c;ia6o  nepeceueHHOH  mcctho- 
CTH,  nOKpbITOM  JieCHOH  paCTHTeJTbHOCTblO  [1]. 
MccBeaoBaHHB  BKJiioqajiH  b  ceSa  zuiHTejibHoe 
H3yneHHe  ypoBHH  CHmajiOB  h  hx  6bicTpbix  h 
MeaJieHHbix  (pjiyKTyauHH,  npocrpaHCTBeHHofi 
(nonepeuHoft)  KoppejimjHH  ypoBHB  cwrHajia, 
yrJioB  npHXo.ua  bojihm  (b  tom  HHCJie  c  a6co- 
JHOTHOfl  TOnorpa4)H4eCKOH  npHBH3KOH),  Bpe- 
MeHHbix  h  npocTpaHCTBeHHbix  (nonepeHHbix) 
CTpyKtypHbix  (pyHKUHH  4>a3bi.  Bbuia  noxasana 


Experimental  investigations  of  UHF 
radiowaves  propagation  and  attendant 
investigations  of  hydro-meteorological 
characteristics  of  low-level  atmosphere 
started  in  West  Siberia  at  the  end  of  fifties 
of  the  last  century  and  goes  on  up  to  now. 

People  from  Tomsk  Polytechnic 
Institute  in  1958-1961  and  further  from 
Tomsk  State  University  of  Control  Systems 
and  Radioelectronics  (TUCSR)  carried 
out  experiments  meant  to  investigate  the 
structure  of  3-cm  band  direct  radar  sig¬ 
nals  within  line-of-sight  coverage  and  in 
the  diffraction  zone  over  the  cross  country 
covered  with  the  forest  [1].  Experiments 
included  investigation  of  the  signal  level 
and  its  fast  and  slow  fluctuations,  the 
spatial  (cross)  correlation  of  the  signal 
level,  angles  of  arrival  (including  absolute 
topography  affixment),  time  and  spatial 
(cross)  structural  phase  functions.  The 
possibility  to  measure  arriving  angles  by 
the  phase  method  with  the  error  less  than 
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npaKTMTieCKaa  BO3MO5KH0CTb  H3MepeHHH  yrJIOB 
npHxo^a  (J)a30BbiM  mctoaom  c  norpeniHOCTbio 
MeHee  oahom  ytjiobom  MHHyTbi  Ha  oTKpbiTbix  h 
nojry3aKpbiTbix  Tpaccax  npoT5DKeHHOcTbio  ao  30- 
40  km.  B  nocneAyioume  roAbi  Hccjie^oBaHHH  6mah 
npoflOJDKeHbi  Ha  npH3eMHbix  Tpaccax  6ojibtueH 
npOTJDKeHHOCTH  (a o  200  km). 

MeTOAHKa  H3yneHH5i  npocTpaHCTBeHHo-Bpe- 
MeHHOH  cTpyKTypbi  rrojiH  npaMbix  paAHOJioKami- 
ohhmx  cHTHajioB,  pa3pa6oTaHHaa  npH  npoBeAe- 
hhh  SKcnepHMeHTOB  b  paftoHax  3anaAHoft 
Ch6hph,  6biJia  wcnojib30BaHa  kojuickthbom 
HHH  PTC  TYCYP  b  nocjieayiomHe  roAbi  np h 
HccjieAOBaHHSx  TP  YKB  b  pa3JiHqHbix  panoHax 
CoBeTCKoro  Coio3a  (BocTOHHbiw  KaBKa3  h  ce- 
BepHaa  qacTb  KacmmcKoro  Mopa,  ceBepo-Boc- 
ToqHaA  qacTb  HepHoro  MOpH,  CaxannHCKan  06- 
jiacTb  h  joacHaa  qacTb  OxoTCKoro  Mopq),  a  Taioxe 
b  ueHTpaAbHOH  h  ceBepo-3anaAHon  qacrax  Th- 
xoro  OKeaHa  [2-7]. 

CoTpyAHMKaMH  CwSHpCKOrO  (]}H3HKO-TeXHH- 
qecKoro  HHCTHryra  npH  Tomckom  rocyHMBepcH- 
Teie  (C<J>TH)  b  80-x  rr.  npoBeAeH  uhkji  Hccjie- 
AOBaHHH  pacnpocTpaHeHHB  paAHOBOAH  CBH 
AHana30Ha  b  ropoAe  c  H3yqeHHeM  MHorojiyqe- 
boh  CTpyKTypbi  nojra  [8].  COTH  b  coTpyaHwqe- 
CTBe  C  OTAeJIOM  paAH04>H3HKH  KpaCHOqpCKOrO 
<])MAHajia  CO  PAH  npoBeAeHbi  Taioxe  onbiTbi  no 
onpeAeAeHMio  xapaiorepHCTHK  CBH  cwraaiioB, 
OTpaXCeHHbIX  OT  JieCHbIX  MacCHBOB. 

HHCTHTyTOM  eCTCCTBCHHblX  HayK  Byp5ITCKO- 

ro  $HAHaAa  CO  AH  CCCP  npoBeAeHbi  cepnn 

3KcnepHMeHTOB  no  H3yqeHHio  ocjiabAeHHJi, 
(JjjiyKTyauHH  h  nojiapH3annoHHbix  HCKaaceHnn 
cnmanoB  CBH  npn  flTP  b  panoHax  Boctouhoh 
Cn6npn,  a  Taoce  npn  An^paKunn  YKB  Ha  rop- 
Hbix  MaccHBax  [9-11]. 

B  1978  roAy  b  Tomckc  Ha  6a3e  TYCYP,  COTH 
n  HHCTHTyra  otithkh  aTMOc<f>epbi  CO  AH  CCCP 
6biJia  npoBeACHa  12-q  Bcecoio3Haq  KOH^epeH- 
n hr  no  pacnpocTpaHeHHio  paAHOBOAH. 

C  1990  r.  b  HHH  PTC  TYCYP  npoBeAeHa  ce- 
pHH  OKcnepHMeHTOB  no  onpeAeJieHHio  (Jmyicrya- 
HHH  BpeMeHH  pacnpocTpaHeHHA  cnraajiOB  n 
OUIH6oK  H3MepeHHA  pa3HOCTH  MOMeHTOB  npH- 
xoAa  b  pa3HeceHHbie  nyHKTbi  Ha  pa3AnqHbix  Ha- 
3eMHbix  Tpaccax  junmou  ao  100  km  [12].  Pe3yjib- 
TaTbl  3THX  HCCJieAOBaHHH  HCnOJIb3yK)TC5I  npn 
npoeKTHpOBaHHH  Ha3eMHbIX  pa3HOCTHO-AaJlbHO- 
MepHbix  HaBnrannoHHbix  chctcm. 

HccAeAOBaHHH  no;iHpH3anHOHHbix  xapaKTe- 
pncTHK  paAHocnrHaAOB  caHTHMeTpoBoro  Awana- 
30Ha  Haqajincb  b  TYCYP  b  KOHne  60-x  rr.  h  npo- 
AOJDKaioTCH  c  nepepbiBaMH  ao  HacToamero  Bpe- 


one  angle  minute  over  open  and  semi¬ 
open  paths  up  to  30-40  km  long  was  shown. 
In  the  following  years  the  investigation 
continued  over  longer  paths  up  to  200  km 
long. 


Method  of  time-spatial  field  structure 
of  the  instant  radar  signals  investigation, 
worked  out  in  the  process  of  experiments 
in  West  Siberia,  was  used  by  the  people 
from  the  Research  Institute  of  Radio 
Systems  TUCSR  later  in  experiments 
carried  out  at  different  regions  of  the 
USSR  (Eastern  Caucasus  and  the 
Northern  part  of  the  Caspian  Sea,  North- 
Eastern  part  of  the  Black  Sea,  Sakhalin 
region  and  the  Southern  part  of  the  Sea  of 
Okhotsk)  and  at  the  central  and  Northern- 
Western  parts  of  the  Pacific  Ocean  [2-7]. 

In  the  eighties,  people  from  Siberian 
Physical- Engineering  Institute  (SPEI)  at 
the  Tomsk  State  University  investigated 
UHF  waves  propagation  in  urban  areas 
and  multi-beam  structure  of  the  field  [8]. 
SPEI  in  cooperation  with  the  Physical 
department  of  the  Krasnoyarsk  branch  of 
the  SB  RAS  investigated  characteristics  of 
UHF  signals  scattered  by  forestry. 

Some  experimental  investigations  of 
attenuation,  fluctuations  and  polarization 
distortions  of  UHF  signals  in  beyond  the 
horizon  troposphere  propagation  (HTP) 
in  the  Eastern  Siberia  as  well  as  UHF  waves 
diffraction  in  the  mountains  were  carried 
out  by  Buryat  Institute  of  Natural  Sciences 
(SB  RAS)  [9-11]. 

The  12-th  All-Union  Conference  on 
Wave  Propagation  was  organized  by 
TUCSR  and  Institute  of  Atmosphere 
Optics  of  SB  RAS  in  1978. 

Since  1990  RIRS  carried  out  a  series 
of  experiments  measuring  time  fluctu¬ 
ations  of  propagated  signals  and  estima¬ 
ting  errors  of  time  of  arrival  difference  at 
diverse  points  over  different  terrestrial 
paths  up  to  100  km  long  [12].  Results  of 
investigations  are  used  now  to  design 
ground-based  time-difference  navigation 
systems. 

Investigations  of  polarization  characte¬ 
ristics  of  X-  and  L-band  radiosignals 
started  in  TUCSR  at  the  end  of  sixties 
and  are  going  on.  There  were  investigated 
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MeHH.  MccjiejioBajiHCb  KaK  xapaKTepHCTHKH  npa- 
MblX  paaHOJIOKaUHOHHbIX  CHTHaJIOB  Ha  3aKpbI- 
Tbix  Ha3eMHbix  [1]  w  MopcKHX  [13]  Tpaccax,  TaK 
m  xapaKTepHCTHKH  cHmajioB,  oTpa^ceHHbix  ot 
npocTbix  h  cjioxcHbix  uejien,  a  Taoce  ot  pac- 
npeaeJieHHoro  <J>oHa  [14-16].  B  pe3yjibTaTe  no;iy- 
neHbi  HcxoflHbie  ^aHHbie  win  npoeicrHpoBaHHH 
no^5ipH3auHOHHbix  pa^HO^OKaTopoB,  pa3pa- 
6oTaHbi  weTOflbi  oriTHMajibHOH  o6pa6oTKH  BeK- 
TopHbix  cHTHajioB  [17].  3KcnepHMeHTa^bH0  uojx- 
TBepXC/ieHa  B03MOXCHOCTb  CeJieKUHH  HCKyCCT- 
BeHHbix  uejieH  Ha  cjioxchom  <})OHe. 

CepHH  OKcnepHMeHTOB  no  H3yueHHK>  pacnpo- 
CTpaHeHHH  aKyCTHneCKHX  BOJIH  B  HeoaHOpO/JHOH 
aTMOcc])epe  Haa  3cmhoh  noBepxHOCTbio  npoBe- 
jlt Ha  b  HncTHTyre  MOHHTOpHHra  KJiHMaTHuec- 
khx  h  OKOjiornqecKHX  chctcm  CO  PAH  (HM- 
K3C)  [18]  c  noMombio  cnennajibHO  co3,aaHHoro 
o6opyAOBaHHB.  Pa3pa6oTaH  nporpaMMHO-anna- 
paTHbiH  KOMnneKC  npomo3a  xapaicrepHCTHK 
3ByK0BbIX  CHTHaJlOB. 


characteristics  of  the  instant  radar  sig¬ 
nals  over  hidden  terrestrial  [1]  and  sea 
[2,  3,  6]  paths,  and  characteristics  of  sig¬ 
nals  scattered  by  simple  and  complex 
targets  and  natural  distributed  back¬ 
grounds  [13-15].  There  were  formulated 
initial  ideas  for  polarization  radar  design 
and  worked  out  methods  of  optimal 
vector  signal  processing  [16].  Possibility 
to  select  artificial  targetbi  against  complex 
background  was  proved. 

A  series  of  experiments  to  investigate 
propagation  of  acoustic  waves  in  hete¬ 
rogeneous  atmosphere  over  the  Earth 
surface  was  carried  out  by  people  from 
the  Institute  of  Climatic  and  Ecological 
Systems  Monitoring  (ICESM)  of  SB 
RAS  [17]  with  using  specially  designed 
equipment.  There  was  developed  hard- 
software  complex  to  forecast  sound  signal 
characteristics. 


IIoJiHroHbi  h  oSopyuoBaHHe 


Proving  grounds  and  equipment 


TYCYP  HMeeT  pa,UHO<})H3HHecKHe  nojinroHbi 
b6bh3h  r.  ToMCKa  h  b  CaxajiHHCKOH  objiacrn 
(K»KHan  uacTb  Oxotckoto  Mopa),  a  Taoce  Hayu- 
HO-3KcnepHMeHTajibnyio  6a3y  HenocpeacTBeHHO 
b  r.  ToMCKe  Ha  bbicokom  6epery  p.  ToMb  (pHC.  1). 


TUCSR  has  radio-physical  proving 
grounds  near  Tomsk  and  in  Sakhalin 
region  (Southern  part  of  the  Sea  of 
Okhotsk)  and  the  research  sight  in  Tomsk 
at  the  steep  bank  of  the  river  Tom  (Fig.  1). 


Phc.I.  TunuMHaa  KapraHa  CH6upcKoro  Jiamuna^Ta.  Buo.  c  npaBoro  6epera  p.  ToMb 
B  OKpeCTHOCTflX  ToMCKa  (BbICOTa  40  m  Haa  ypoBHeM  Boabi).  MeCTHOCTb 
nOKpbITa  XBOHHblM  H  JIHCTBeHHbIM  JieCOM. 

Fig.  1.  A  typical  view  of  Siberian  landscape.  View  from  right  shore  of  Tom  river  in  the 
vicinity  of  Tomsk  (40  m  height  above  river  level).  The  area  is  covered  with 
coniferous  and  deciduous  forest 
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llojiHroHbi  o6opy,aoBaHbi  ycraHOBxaMH 
aBTOMaTH3HpoBaHHbix  H3MepeHHM  npocTpaH- 
CTBeHHO-BpeMeHHOM  H  nOJIflpH3aUMOHHOM  CTpyX- 
Typbi  npHMbix  h  oTpaxceHHbix  pamtojioxaimoH- 
HbIX  CPirHaJlOB  (cm.  pHC.  2  H  3)  H  H3MepeHHH 
pa3H0CTH  BpeMeHH  npHxo^a  cHraanoB  b  pa3He- 
ceHHbie  nyHKTbi  b  ,zmana30Hax  3  h  10  cm.  Pi3Me- 
peHHB  B03M0XCHbI  XaX  Ha  Tpaccax  npHMOH  BH£H- 
mocth,  Tax  h  Ha  3axpbiTbix  Tpaccax  bojibiuoH 
npoTHXceHHOCTH.  PaapaSoTana  cncreMa  xarm6poB- 
xh  annapaTypbi  f  19].  FeonH^opMauHOHHaB  chc- 
TeMa  no3BOjiHeT  a^aiiTMpoBaTb  H3MepeHHB  x  pe- 
Jlbefjty  MeCTHOCTH. 


The  proving  grounds  are  equipped 
with  devices  for  automated  measure¬ 
ments  of  time-spatial  structure  of  instant 
and  backscattered  radar  signals  (Fig.  2 
and  Fig.  3),  for  measuring  arrival  time 
difference  of  signals  (X=3  and  20  cm) 
received  in  diverse  points.  Measurements 
are  possible  over  line-of-sight  and  hidden 
long  paths.  System  for  calibration  of  the 
equipment  was  designed  [18].The  available 
geo-information  system  allows  to  adapt 
the  measurements  to  the  locality  relief. 


Phc.  2.  SxcnepHMeHTajibHafl  ycTaHOBxa 

Tycyp  Ha  HayqHO-HccJieaoBaTejibcxoM 

cynue  «AxaaeMHK  IIlHpinoB» 

Fig.  2.  Experimental  setup  of  TUCSR  installed 
on  research  ship  «Academician  Shirshov» 


Phc.  3.  SKcnepHMeHTajitHaa  ycTaHOBxa 

TYCYP  jam  HccjieflOBaHHH  (J)a30B0H 

H  nOJIHpH3aUHOHHOft  cTpyxTypw 
npHMbix  PJI  cHmajioB  b  ,anana30He  3 
cm  Ha  nojinroHe  b6jih3h  ToMcxa 
Fig.  3.  Experimental  setup  of  TUCSR 

intended  for  investigations  of  phase 
and  polarization  structure  of  direct 
radar  signals  in  X-band  on  test  range 
near  to  Tomsk 


CypryTcxHH  rocyHHBepcHTeT  HMeeT  o6opy- 
HOBaHHe  jv IB  nOJIHpH3aUHOHHbIX  M3MepeHHft 
oTpaxeHHbix  patfHOJioxaunoHHbix  CHraajioB  b 
ilHana30He  3  cm  Ha  xopoTxnx  Tpaccax  npHMoft 

BHflHMOCTH. 

HMK3C  CO  PAH  HMeeT  nojinron  b6jih3h  r. 
ToMcxa,  o6opy,aoBaHHbift  ycTaHOBxaMH  jinn 
Hccjre^oBaHHa  pacnpocrpaHeHHH  axycTHuecxHx 


Surgut  State  University  has  equip¬ 
ment  for  polarization  measurements  of 
X-band  signals  scattered  over  short  line- 
of-sight  paths. 

ICESM  SB  RAS  also  have  a  proving 
ground  near  Tomsk  equipped  with  devi¬ 
ces  to  investigate  propagation  of  acoustic 
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chfhcUiob,  a  Taioice  npwfiopbi  h  ofiopyztoBaHHe 
Win  ^HCTaHUHOHHoro  H3MepeHHa  npotfmjieH 
MeTeopojiorHHecKHX  aaeMeHTOB  w  ckopocth  BeT- 
pa  b  HM>KHeM  aTMOc(j)epe. 

Oxneji  pa,nHO(J)M3HKH  KpacHoapcKoro  (J)hjth- 
ana  CO  PAH  HMeeT  bo3moxhocti>  npOBe^eHMa 
paaHOJioKauHOHHbix  H3MepeHHH  b  jiecHOM  Mac- 
CHBe  C  BbllHKH,  B03BbIlHaK>meMCn  Ha#  JieCOM. 

BypHTCKHM  ^Hawaii  PAH  HMeeT  HayuHO- 
3KcnepMMeHTajibHyK>  6a3y  na  ioto-boctouhom 
fiepery  03.  BaHKa#. 

B03M0MCH0CTH  paCUIHpeHHfl 
3KcnepHMeHTaabHbix  pa6oT 

HayqH0-3KcnepnMeHTaabHaa  6a3a  no3BoaaeT 
cymecTBeHHO  pacuiHpHTb  OKcnepHMeHTajibHbie 
pafioTbi  b  ofijiacra  noaapH3auHOHHOM  pa#no- 
aoKauHH.  MoryT  6biTb  npoBeaeHbi  caeayiomne 
wccaeaoBaHHa: 

—  HcnbiTaHHa  m  KajinfipOBKa  noaapH3auMOH- 
Hbix  PJIC  m  MaKeTOB,  Hcnoab3yeMbix  win  on- 
peaeaeHHa  MarpHU  pacceaHHa  ueaen; 

—  3KcnepHMeHTaabHoe  onpe#ejieHHe  noaHbix 
MaTpuii  pacceaHHa  paaan'iHHx  HCKy  cctbchh  bix 
oSbeKTOB  win  oaHo-  m  #Byxno3HimoHHOH 

paaHOaOKaUHOHHOM  CXeMbI  B  3aBHCHMOCTH  OT 
paicypca  ueaw;  co3#aHHe  cooTBeTCTByromew 
6a3bi  aaHHbix; 

—  3KcnepMMeHTaabHoe  onpeaeaeHHe  Maipnu  pac- 
ceaHHa  ecTecrBCH Hbix  pacnpeaeaeHHbix  uejien 
pa3JiHUHoro  xapaicrepa  (none,  nee,  doAomo,  pen¬ 
non  doAuno  h  ap  )  b  aeTHHX  h  3HMHMX  ycjioBHax 
B  3aBHCHMOCTM  ot  yraa  naaeHHa  BoaHbi  h  pa3- 
Mepa  aaeMeHTa  pa3peuieHHa  PJIC; 

—  3KcnepHMeHTaabHoe  onpeaeaeHHe  MaTpnu, 
pacceaHHa  MeTeopojiorHuecKHX  o6beKTOB 
(do^fcdb,  erne,  epad,  pa3AUHHue  ettdbi  o6aqh- 
Hocmu  wap  ); 

—  3KcnepHMeHTaabnaa  npoBepxa  aaeKBaraoc- 
th  ncnoab3yeMbix  h  npeaaoaceHHbix  MaTe- 
MaTnaecKHX  Moaeaeii  caoxHbix  paanoaoKa- 
UHOHHbix  ueaew  aaa  BeKTopHbix  cwmaaoB; 

—  3KcnepMMeHTaabHaa  npoBepKa  pa3pa6aTbi- 
BaeMbix  b  HacToamee  BpeMa  MeToaoB  Kop- 
peKTHoro  (oaHOBpeMeHHoro)  onpeaeaeHHa 
Bcex  aaeMeHTOB  MaTpnu  pacceaHHa; 

—  3KcnepHMeHTaabHoe  onpeaeaeHwe  bo3MO>k- 
hocth  oBHapyaceHHa  ofibeicroB  c  HeB3anM- 

HblMH  CBOHCTBaMH; 

—  3KcnepHMeHTaabHoe  onpeaeaeHMe  no/iapH- 
3auHOHHbix  xapaKTepMCTHK  npaMbix  pa#uo- 
aoxauHOHHbix  cnmaaoB  h  MaTpnu  nepeaa- 
hh  KaHaaa  pacnpocTpaneHHa  b  3aBHCMM0CTM 


signals  and  with  devices  for  remote  mea¬ 
suring  of  weather  elements  profiles  and 
wind  velocity  hi  low-level  atmosphere. 

Radio-physical  Department  of  Kras- 
nojarsk  branch  of  SB  RAS  has  the 
opportunity  to  measure  radar  signals  in 
the  forest  from  high  tower  above  trees. 

Buijat  branch  of  SB  RAS  also  has  a 
proving  ground  at  the  Baikal  Lake  bank. 


Possibilities  to  expand  the 
experiments 

The  existing  experimental  resources 

allows  to  expand  investigations  in  the 

field  of  polarization  radar.  It  is  possible 

to  carry  out  the  following  experiments: 

-  tests  and  calibration  of  polarization 
radars  and  prototypes  used  for  BSM 
measurements  of  radar  targets; 

-  experimental  measurements  of  com¬ 
plete  BSMs  of  different  artificial 
targets  in  mono-  and  bi-static  confi¬ 
gurations  depending  on  target  aspect 
angle;  creation  of  radar  data  base; 

-  seasonal  experimental  measurements 
of  BSMs  of  different  natural  targets 
(field,  forest ,  swamp ,  river  valley ,  and 
etc.)  depending  on  incident  angle  and 
dimensions  of  radar  resolution  cell; 

-  experimental  measurements  of  BSMs 
of  weather  objects  (rain,  snow,  hail , 
different  clouds  systems  and  etc.); 

-  experimental  verification  of  validity 
of  used  and  suggested  math  models 
of  complex  radar  targets  for  vector 
signals; 

-  experimental  verification  of  new 
methods  of  correct  concurrent  mea¬ 
surements  of  BSM  elements; 

-  experimental  evaluation  of  a  possi¬ 
bility  to  detect  nonreciprocal  radar 
objects; 

-  experimental  measurements  of  pola¬ 
rization  characteristics  of  direct  radar 
signals  and  transfer  matrices  of 
propagation  channel  depending  on 
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or  xapaicrepa  Tpaccbi  h  yrjioB  3aKpbiTHH,  /urn-  path  nature  and  takeoff  angles,  wave- 
Hbi  bojihw,  opneHTauHn  h  limpHHbi  nyua  ne-  length,  orientation  and  width  of  the 
pe/taiomeH  h  npneMHOH  aHTeriH  h  /rpyrnx  transmitting .  and  receiving  antennas 

ycjioBMM.  pattern  and  other  conditions. 
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